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NUTRIENT UPTAKE BY SEAGRASS COMMUNITIES AND ASSOCIATED
ORGANISMS: IMPACT OF HYDRODYNAMIC REGIME QUANTIFIED THROUGH
FIELD MEASUREMENTS AND USE OF AN ISOTOPE LABEL
Christopher D. Cornelisen

ABSTRACT
Seagrass communities are composed of numerous organisms that depend on watercolumn nutrients for metabolic processes. The rate at which these organisms remove a
nutrient from the water column can be controlled by physical factors such as
hydrodynamic regime or by biological factors such as speed of enzyme reactions. The
impact of hydrodynamic regime on rates of nutrient uptake for seagrass (Thalassia
testudinum) communities and for organisms that comprise the community (seagrass,
epiphytes, phytoplankton, and microphytobenthos) was quantified in a series of field flume
experiments employing the use of

15

N-labeled ammonium and nitrate.

Rates of ammonium uptake for the entire community and for seagrass leaves and
epiphytes were significantly dependent on bulk velocity, bottom shear stress, and the rate
of turbulent energy dissipation. Relationships between uptake rates and these parameters
were consistent with mass-transfer theory and suggest that the effect of water flow on
ammonium uptake is the same for the benthos as a whole and for the organisms that form
the canopy. In addition, epiphytes on the surface of T. testudinum leaves were shown to
depress leaf uptake by an amount proportional to the area of the leaf covered by epiphytes.
Water flow influenced rates of nitrate uptake for the community and the epiphytes;
ix

however, uptake rates were depressed relative to those for ammonium suggesting that
uptake of nitrate was also affected by biological factors such as enzyme activity.
Epiphytes reduced uptake of nitrate by the leaves; however, the amount of reduction was
not proportional to the extent of epiphyte cover, which provided further evidence that
nitrate uptake by T. testudinum leaves was biologically limited.
As an additional component of the research, hydrodynamic regime of a mixed
seagrass and coral community in Florida Bay was characterized using an acoustic Doppler
velocimeter. Hydrodynamic parameters estimated from velocity data were used in masstransfer equations to predict nutrient uptake by the benthos over a range of water velocity.
Measured rates of uptake from field flume experiments conducted in the same community
confirmed that hydrodynamic data could be used to accurately predict nutrient transport to
the benthos under natural flow conditions.

x

CHAPTER ONE
OVERVIEW OF RESEARCH

In the marine environment, the transport of dissolved chemicals from the water
column to the benthos is of ecological importance. For example, rates of chemical
transport affects calcification in corals (Dennison and Barnes 1988), photosynthesis
(Dennison and Barnes 1988, Koehl and Alberte 1988, Koch 1994), and respiration (e.g.,
Patterson et. al 1991). Turbulent shear and stress can strongly mediate the thickness of
the diffusive boundary layer and therefore mass transfer to and from a surface (Kays and
Crawford 1993). Benthic communities create surfaces with varying degrees of roughness
that directly influence turbulence within the overlying water. This turbulence can
influence diffusive boundary layer thickness and therefore the transport of chemicals (i.e.,
nutrients) to and from the benthos (Patterson and Sebens 1989, Thomas and Atkinson
1997, Thomas et al. 2000).
The effect of morphological characteristics on water flow and chemical transport
has been demonstrated at the organismal level for cnidarian colonies (Patterson and
Sebens 1989, Patterson 1992) and algal leaves (Koehl and Alberte 1988). Studies have
also shown that the morphology and spatial arrangement of an assemblage of organisms
largely affect flow characteristics (Eckmann 1983; Fonseca and Kenworthy 1987;
Fonseca and Calahan 1992). For example, seagrasses are known to dampen and reduce
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wave energy, thereby influencing accumulation of sediment and organic matter within the
canopy (Fonseca and Calahan, 1992).
Over the past 15 years, a considerable amount of research has been conducted on
the role of hydrodyna mics in nutrient uptake by benthic communities including coral
reefs (e.g., Atkinson 1987; Bilger and Atkinson 1992; Thomas and Atkinson 1997; Hearn
et al. 2001) and seagrass beds (Thomas et al. 2000; Thomas and Cornelisen 2003). These
studies have demonstrated that physical factors, including water velocity and roughness
of the benthos, control uptake rates for these communities. Both physical and biological
factors can influence rates of nutrient uptake (Sanford and Crawford 2000). For example,
if the rate of nutrient uptake by a benthic community is limited by the rate at which the
nutrient in delivered to its surface, rather than the rate at which the benthos processes the
nutrient, then factors that influence thickness of diffusive boundary layers (DBL) will
limit uptake rates. In this case the community is said to be mass-transfer limited, and
enhanced turbulence resulting from increased water flow and interaction between the
rough surface and the water column will decrease DBL thickness and therefore enhance
uptake rates. Conversely, if the rate at which the benthos processes the nutrient exceeds
the rate of delivery, then water flow will have little to no effect on uptake rates. In this
case the community is said to be biologically limited since factors such as speed of
enzyme reactions or availability of active uptake sites are limiting uptake rates.
Transitions between physical and biological limitation can also exist (Bilger and
Atkinson 1995; Sanford and Crawford 2000).
In cases where nutrient uptake was mass-transfer limited, investigators have
demonstrated the ability to predict rates of nutrient uptake by the benthos using
2

engineering models originally intended for describing heat and mass transfer in pipes (see
Bilger and Atkinson 1992; Tho mas et al. 2000; Kays and Crawford 1993). This approach
involves the calculation of a Stanton number, which is the ratio of nutrient flux
(represented as an uptake rate constant) to advection of a nutrient past the benthos
(represented as the bulk velocity). Stanton numbers, and therefore uptake rate constants,
are a function of water velocity, the geometry of the benthos, and the molecular
diffusivity of the nutrient. Recently, Hearn et al. (2001) derived mass-transfer equations
that allow analogous predictions of uptake rate constants based on a more direct link
between hydrodynamic conditions in the marine environment and the uptake of nutrients
by the benthos. Both of these approaches view the benthos as a single entity; a rough
surface that removes nutrients from the water column. However, communities such as
coral reefs and seagrass beds are comprised of a complex assemblage of organisms that
depend on water column nutrients for metabolic processes. These organisms vary in
morphology, location relative to the sediment-water interface, and physiology and as a
consequence are likely affected differently by hydrodynamics. In addition to treating the
benthos as a single entity, previous studies on mass-transfer in coral reefs and seagrass
communities were also based on experiments conducted in flumes and with the
communities exposed to simulated flow. However, the equations from Hearn et al.
(2001) provide a means to link hydrodynamic measurements taken in situ with an
ecological process, such as nutrient uptake by the benthos.
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Research goal
The overall goal of my doctoral research is to describe and quantify the impact of
hydrodynamic regime on rates of nutrient uptake for benthic communities colonized by
seagrass, both at the scale of the community as a whole and that of the organisms forming
the community. For this research I employ an interdisciplinary approach and utilize
several important tools, including isotope labels (15 NH4 and 15NO3 ) field deployed
flumes, and acoustic Doppler velocimeters (ADV). In the research presented in Chapters
Two through Four, I utilize these tools to quantify the effects of hydrodynamics on rates
of nutrient uptake for individual organisms (i.e., seagrass plants, epiphytes,
microphytobenthos, phytoplankton) while they are situated within seagrass beds. In
Chapter Five, I integrate hydrodynamic parameters measured in situ with theoretical
mass-transfer equations (Hearn et al. 2001) to predict the amount of nutrients (i.e., NH4 +
and PO4 3-) the benthos is removing from the water column over time. Estimates of
nutrient uptake using mass-transfer equations are compared to estimates based on
measurements of nutrient uptake using a field flume. In addition, a series of paired flume
experiments using 15 N-labeled NH4 + are conducted to evaluate the effects of water flow
on organisms situated within the community.

Chapter objectives
In order to meet my goal, I carry out field-based experiments as described in the
four chapters to follow. In Chapter Two I demonstrate the application of isotope labels
for isolating effects of water velocity on
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NH4 + uptake by an individual component
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(epiphytes) situated within an assemblage of seagrass leaves. Specific objectives of
Chapter Two are to:
(1) Establish protocols for measuring nutrient uptake by an individual component
of a seagrass community (epiphytes) using an isotope label.
(2) Isolate NH4 + uptake by epiphytes and evaluate how this uptake compares to
the overall assemblage of organisms.
(3) Evaluate the effects of velocity on NH4 + uptake by epiphytes.
In Chapter Three I utilize isotope labels to investigate the concomitant effects of
water flow and epiphyte cover on rates of ammonium and nitrate uptake by Thalassia
testudinum leaves. Experiments are conducted in a field flume deployed in a natural
seagrass bed in order to:
(1) Quantify the effect of epiphyte cover on NH4 + and NO3 - uptake by seagrass
leaves.
(2) Assess whether or not presence of epiphytes inhibit uptake of NH4 + and/or
NO3 - by seagrass leaves and if their presence on the leaf surface influences the
effect of velocity on uptake by seagrass leaves.
In Chapter Four I expand the analysis in Chapter Three to include multiple
components of the community (seagrasses, epiphytes, sediments, and phytoplankton) and
investigate the contributions of these components to uptake by the community. Specific
objectives of Chapter Four are to:
(1) Isolate uptake of DIN (NH4 + and NO3 -) by individual components of a natural
seagrass bed.
(2) Isolate the effects of hydrodynamic regime on DIN uptake by the various
components and the community by conducting experiments over a range of
velocity and measuring hydrodynamic parameters with an ADV.
(3) Compare NH4 + vs. NO3 - uptake rates among individual components and the
community and assess the extent to which uptake of these nutrients is
dependent on hydrodynamic regime.
(4) Evaluate the application of mass-transfer equations for predicting uptake by
the benthic components.
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Finally, in Chapter Five I characterize water flow over a mixed hardbottomseagrass community in Florida Bay and integrate hydrodynamic data with theoretical
mass-transfer equations (Hearn et al. 2001) to predict rates of nutrient uptake by the
benthos. In this chapter I aim to quantify the interactions between the benthos and water
flow and demonstrate the importance of these interactions in influencing nutrient uptake
by the benthos. Specific objectives of Chapter Five are to:
(1) Collect data on community composition, bottom roughness, and
hydrodynamics on a shallow bank in Florida Bay.
(2) Using hydrodynamic data and mass-transfer equations, predict rates of
nutrient uptake for the benthos.
(3) Compare predicted values with those measured in field flumes and with data
collected using isotope labels.

Significance of research
By meeting the above objectives, I aim to increase our understanding of nutrient
transport processes in estuarine and near-shore systems, and as a result, further
demonstrate the important role of hydrodynamics in ecological processes. My
application of isotope labels presents a new approach for investigating the effects of
water flow on nutrient transport at both the scale of individual organisms and the entire
community. Through the use of isotope labels and field flumes, rates of nutrient uptake
are quantified for organisms while they are situated in their natural community. As a
result, I demonstrate that isotope labels can be used to isolate the response of an
individual component of a community to changes in an environmental factor (water
velocity) and evaluate how this response compares to the response of the community as a
whole. The approach also enables me to quantify the contributions of components to
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total uptake by the community and separate uptake by the benthos from that within the
water column. I can then evaluate the implications of uptake by phytoplankton on
predictions of uptake by the benthos based on mass-transfer models. Through the
application of previously derived equations (Hearn et al. 2001), I link hydrodynamic data
collected under natural flows to nutrient uptake by the benthos and demonstrate the utility
of using simple mass-transfer models for understanding the factors controlling nutrient
uptake by the benthos. The methods used in Chapter Five reveal the great potential of
integrating equations, such as those derived by Hearn et al. (2001), within larger-scale
models in effort to better understand and predict the factors influencing water quality in
estuarine and near-shore waters.
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CHAPTER TWO
AMMONIUM UPTAKE BY SEAGRASS EPIPHYTES: ISOLATION OF THE
EFFECTS OF WATER VELOCITY USING AN ISOTOPE LABEL

Introduction
Rates of nutrient uptake by benthic organisms can influence important ecological
processes (i.e. photosynthesis, calcification) and can be strongly mediated by water flow
and boundary layer characteristics adjacent to uptake surfaces (Patterson 1992). If uptake
is controlled by rates of diffusion of nutrients through the diffusive boundary layer
(physically limited), then enough uptake sites or metabolic enzymes are present to take
up all of the nutrients that are delivered to an organism’s surface. In this case, an
increase in water velocity reduces the thickness of the diffusive boundary layer leading to
a higher rate of nutrient uptake. For individual organisms, water velocity is positively
correlated to nutrient uptake by algae (e.g. Gerard 1982; Hurd et al. 1996) and nutrient
dependent processes including photosynthesis in algae (e.g. Wheeler 1980; Koch 1993)
and seagrasses (Koch 1994) and photosynthesis and calcification in corals (Dennison and
Barnes 1988; Patterson et al. 1991). Rates of nutrient uptake have also been shown to be
dependent on water velocity for assemblages of algae (Larned and Atkinson 1997) and
coral (e.g., Bilger and Atkinson 1992; Thomas and Atkinson 1997) and for naturally
occurring seagrass beds (Thomas et al. 2000). These studies have demonstrated the
importance of water flow on nutrient uptake by individuals and entire communities.
8

In a recent study by Thomas et al. (2000), ammonium uptake by seagrass
communities is shown to be dependent on water velocity and the morphology of the
canopy. In their experimental approach, the seagrass community is viewed as a single
entity whose rough surface removes NH4 + and influences the flow of water over the
benthos. However, seagrass communities are composed of a diverse assemblage of
organisms that remove nutrients from the water column, including seagrass plants,
epiphytes attached to the seagrass leaves, and phytoplankton. While Thomas et al.’s data
provide estimates of whole community uptake they do not provide information about the
kinetics of nutrient uptake for individual components of the community. These
components vary in their morphology, physiology and location relative to the canopy.
Therefore, water flow may have variable effects on the different components of a
seagrass community, which in turn may collectively contribute to the community scale
response quantified in Thomas et al. (2000).
In the present study, we isolate the effects of water velocity on nutrient uptake by
a single component of seagrass communities (epiphytes) while it is situated within an
assemblage of seagrass leaves. By utilizing an isotope labeling approach, rates of
nutrient uptake for epiphytes are measured while they are attached to the ho st plant in
order to obtain ecologically relevant estimates of nutrient uptake kinetics for epiphytes.
Epiphytes play an integral role in the ecology of seagrass communities, including food
web dynamics (e.g. Fry and Parker 1979) and nutrient cycling (e.g. Harlin 1973; McRoy
and Goering 1974). In addition, epiphytes are a major contributor to the overall
productivity of seagrass meadows (e.g. Moncreiff et al. 1992) and are considered an
important factor influencing the distribution and abundance of seagrasses (Kuo and
9

McComb 1989). Although these studies provide an extensive database describing the
important roles of epiphytes in seagrass communities, little data is available on nutrient
uptake kinetics of epiphytes and their contribution to total dissolved inorganic nitrogen
(DIN) inputs to seagrass communities (Hemminga et al. 1991). Our study is intended to
further our understanding of the factors that influence nutrient uptake by epiphytes by
describing the effects of water velocity on NH4 + uptake by epiphytes and how uptake by
epiphytes relates to the nutrient dynamics of the community as a whole.

Methods
In order to separate nutrient uptake by epiphytes from other components of the
community (i.e. seagrass plants and phytoplankton), we used 15 N-labeled NH4 + to trace
uptake from the water column into the epiphytes attached to seagrass leaves. Earlier
studies have demonstrated the effectiveness of using isotope labels in understanding
relationships between epiphytes and their host plant (e.g. Harlin 1973; McRoy and
Goering 1974; Johnstone 1979). In addition, numerous studies have employed isotope
labels to partition nutrient uptake among community components and understand nutrient
cycling in both freshwater (e.g. Pelton et al. 1998; Eriksson 2001, Hamilton et al. 2001)
and marine systems (e.g. Winning et al. 1999; Koop et al. 2001). In our experiments, we
expanded this application of isotope tracers to isolate the effects of water velocity on
NH4 + uptake by a single community component while it was situated in a complex
assemblage of organisms.
To assess the effects of water velocity on rates of NH4 + uptake, 15 N accumulation
in epiphyte tissues and the total uptake of NH4 + from the water column by all organisms
10

combined was measured in 14 flume experiments conducted over a range of velocity
(0.02 – 0.20 m s-1 ). This range was chosen to best represent ambient water velocity
observed at the site and in seagrass beds located elsewhere (Fonseca and Kenworthy
1987; Koch and Gust 1999; Thomas and Cornelisen; unpubl. data). The flume (Vol=180
L) was of a racetrack design and transported into the field and placed on a table along the
shore for experiments. An electric trolling motor housed in a drop box at one end of the
flume imposed controlled, unidirectional flow. Experiments were conducted at Emerson
Point Park located at the mouth of the Manatee River in Southwest Tampa Bay on the
west coast of Florida (Fig. 1). Seagrass leaves (Thalassia testudinum), with epiphytes
attached, were collected from one of two donor beds (sites) located close to shore and
transplanted into the flume. The two sites were approximately 150 meters apart on either
side of Emerson Point. Six experiments using leaves from donor site 1 were conducted
on 7-8 December 1999, 29 March 2000 and 4 April 2000 and eight experiments using
transplants from donor site 2 were completed on 8-9 December 1999 and 3, 7, and 21
November 2000. On each day, experiments were completed within one hour of each
other and between 1100 h and 1500 h. The specific velocity for each experiment and the
order of low and high velocity experiments was randomized.
The flume size was minimized to allow for detection of nutrient uptake from the
water column and as a result only the top 10-13 cm of individual leaves was used in
experiments. Because seagrass leaves in the donor beds were only 12 to 15 cm in length,
the severed leaves included most of the blade and attached epiphytes. New and senescing
leaves were not used in the experiment due to limited epiphyte growth on new leaves and
the difficulty in cleanly removing epiphytes from senescing leaves. Leaves (n=150) were
11
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Figure 1. Map of the Tampa Bay area and study site at Emerson Point Park.
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transplanted to a removable Plexiglas floor (0.14 m2 ) by affixing them into drilled holes
with rubber stoppers.
Before each experiment the flume was filled with seawater from the study site and
spiked with labeled 15 N-NH4 + (as 98 atom % 15 (NH4 )2 SO4 or 15 NH4 Cl) to achieve a final
water column concentration of approximately 6 µM. The beginning concentration
fluctuated between 6 and 7 µM due to background NH4 + concentrations. Although this
spike was higher than ambient NH4 + levels at the time of the experiments (0.5-1 µM), a 6
µM spike was used in order to allow accurate detection of NH4 + depletion in the water
column over time and assess the effects of velocity on potential rates of NH4 + uptake.
After mixing (~3 minutes), the Plexiglas floor, with seagrass leaves attached, was placed
into the flume and held in place with flow straighteners. Bulk water velocity (U b) was
estimated by timing neutrally buoyant particles over a known distance (n=20).
Experiments were conducted for one hour so that a sufficient number of water and tissue
samples for determining uptake rates could be collected.
Rates of NH4 + uptake by epiphytes were determined by measuring

15

N

accumulation in epiphyte tissues over time during flume experiments. For each one- hour
experiment, three leaves with epiphytes were randomly removed from the flume after 15,
30, 45, and 60- minute intervals. Three leaves were required for each sample to ensure
adequate amounts of epiphyte tissue for analysis. At the end of each 15-min interval,
epiphytes (all attached organisms) were removed from the seagrass leaves by gently
scraping the leaves with a dull edge and were pooled to represent an epiphyte sample for
the interval. Epiphyte samples were briefly rinsed with DI water over a 35 µM screen to
remove salt (Winning et al. 1999) and placed on ice. Samples of epiphytes from each
13

donor site were also collected and processed for determination of ambient 15 N in the
epiphyte tissues. In addition to epiphytes, whole seagrass leaves (n=3) were randomly
selected from the flume at the end of each experiment, cleaned of epiphytes, pooled, and
retained for 15 N analysis. All samples of epiphytes and seagrass were dried at 60°C for
24 h, weighed, homogenized, and stored in glass vials. Dry weights were used along with
blade densities to estimate total biomass (g dry wt) of epiphytes and seagrass in the flume
during each experiment.
Epiphyte and seagrass samples were analyzed using EA-IRMS (elemental
analyzer isotope ratio mass spectrometry) for determination of nitrogen content (% N)
and atom % 15 N in the tissues. Specific uptake rates for epiphytes (Vepi) were calculated
using the equation Vepi=(das/dt)/(a w-as), where as is the atom % 15 N in the epiphyte tissue,
aw is the atom % 15 N of the enriched substrate, and t is time (in seconds) (Dugdale and
Goering 1967, Iizumi and Hattori 1982). The units for Vepi are g N removed (g N tissue) -1
s-1 , or simply s-1 . The numerator (das /dt) was calculated as the slope of the least square
regression of as versus time. The atom % 15 N of the enriched water (a w) was based on the
amount of 98 atom % 15 NH4 + added and background NH4 + concentration (assumed to
reflect 15 N concentration of atmospheric N ~0.37 atom % 15 N). To compare NH4 + uptake
by epiphytes to uptake by their host plant, uptake rates for the seagrass leaves (Vgrass)
were also estimated for each of the experiments. Because seagrass leaves were retained
only at the end of each experiment, Vgrass was based on the final excess atom % 15 N in the
tissue (Dugdale and Goering 1967; Iizumi and Hattori 1982). It is noted that the use of
the above equation in calculating specific uptake rates for epiphytes and seagrass leaves
assumes that the atom % 15 N of the source pool did not change during the course of the
14

experiment. Dilution of 15 N in the source pool resulting from inputs of non- labeled NH4 +
into the water column (via regeneration, excretion) would expectedly result in
underestimated uptake rates (Laws 1984). While we acknowledge this potential source
of error, the short duration of these experiments along with the high concentration and
atom % 15 N of the spike likely minimized dilution. Furthermore, time course
measurements of 15 N accumulation in epiphytes (das/dt) was found to be linear,
suggesting that isotopic dilution of the substrate during the course of the experiments was
not significant.
Specific uptake rates (Vepi and Vgrass) were normalized to nitrogen concentration
(% N) of the epiphyte and seagrass tissues to calculate an uptake rate for epiphytes (ρepi)
and seagrass leaves (ρgrass) in units g N removed (g dry wt)-1 s-1 (Dugdale and Goering
1967). These values were multiplied by the total biomass of each component in the
flume to estimate the contribution of epiphytes and seagrass to the total NH4 + removed
from the water column during each experiment. Because of observed differences in the
composition of epiphytes between donor sites (abundance of autotrophs vs. heterotrophs),
uptake rates (ρepi) were normalized to chlorophyll a concentration in the tissues to obtain
an uptake rate that was representative of the autotrophic fraction (ρChl = ρepi × Chl a-1 in
units g N removed (mg Chl a) -1 s-1 ; Frankovich and Fourqurean 1997; Dickson and
Wheeler 1995). Differences in the abundance of autotrophs that actively remove NH4 +
from the water column and heterotrophs (i.e. bryozoans) that do not would predictably
result in misleading rates of 15 N accumulation for the fraction of epiphytes that are
actively removing NH4 + from the water column. Chlorophyll a concentrations [mg Chl a
(g dry wt)-1 ] were estimated for epiphyte samples that included all organisms attached to
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the seagrass leaves and were based on samples collected at the end of each experiment.
Chlorophyll a in these samples was estimated using spectrophotometric methods as
outlined in Strickland and Parsons (1972).
Rates of NH4 + uptake for the entire assemblage of organisms (seagrass leaves,
phytoplankton, and epiphytes combined) were determined by measuring the rate of
decline in NH4 + concentration in the water column over the duration (~1 h) of flume
experiments. Methods of sample collection and analysis are outlined in detail in Thomas
et al. (2000). In all but one experiment, uptake rates were based on a set of seven water
samples collected over time. These samples were analyzed for NH4 + concentration using
an autoanalyzer to an accuracy of 0.05 µM. Only the beginning and end bottle were used
for one experiment due to loss of water samples. Ammonium concentrations for these
samples were determined using the indophenol blue method (Solorzano 1969).
A first-order rate constant (k) describes the decline in NH4 + concentration in the
flume over time (Rate of decline = -dC/dt = k (C)), where C is the concentration of NH4 +,
t is time, and k is the first-order rate constant (s-1 ). This constant (k) was estimated for
each experiment as the slope of the least square regression of the natural log of
concentration versus time (see Bilger and Atkinson 1992, Thomas and Atkinson 1997,
and Thomas et al. 2000 for discussion). Each first-order rate constant was then
normalized for water volume (Vol) in the flume (180 l) and the planar surface area (A) of
the bottom covered by the seagrass leaves (0.14 m2 ) to calculate an uptake rate constant
(S) in units m s-1 (S= k × Vol A-1 ). Although Vol and A did not change during the
experiments, this conversion was done in order to provide data in a form that is consistent
(and therefore comparable) with previous studies on nutrient uptake kinetics in benthic
16

communities (Thomas and Atkinson 1997, Thomas et al. 2000). In addition to S, the total
NH4 + uptake over time (in g N removed s-1 ) was calculated from the regression of k vs.
time for each experiment in order to compare uptake rates for epiphytes (ρChl) to the total
NH4 + removed by the assemblage in similar units.

Results
Uptake by epiphytes - Coefficients of determination (r2 ) for linear regressions of the atom
% 15 N in epiphyte tissues vs. time (das /dt) used in calculating specific uptake rates for
epiphytes (Vepi) had a mean value of 0.85 (range=0.69 to 0.99, SD=0.11, n=14).
Multiplying Vepi by nitrogen content in epiphyte tissues provided NH4 + uptake rates (ρepi)
that ranged from 0.45 × 10-8 to 3.3 × 10-8 and 0.66 × 10-8 to 6.8 × 10-8 g N removed (g dry
wt)-1 s-1 for sites 1 and 2, respectively. Water velocity had a significant effect on ρepi for
epiphytes at site 1 (ρepi = (11.6 × 10-8 )Ub0.89 , r2 =0.80, P<0.05) and site 2 (ρepi = (20.7 ×
10-8 )Ub0.74, r2 =0.64, P<0.05). Although velocity had a similar effect on uptake by
epiphytes at both sites (Homogeneity of slopes, P>0.05), estimates of ρepi were
significantly lower for site 1 than site 2 (ANCOVA, ln ρepi vs. ln Ub, P<0.01).
The disparity in ρepi between sites can be explained by differences in epiphyte
composition. Epiphyte samples at site 1 included encrusting corallines, diatoms, attached
macroalgae and a large portion (~ 30%) of epifauna (bryazoans, amphipods), while those
at site 2 were primarily composed of autotrophic organisms (corallines, macroalgae).
Significantly lower chlorophyll a concentrations at site 1 (~0.57 mg Chl a (g dry wt)-1 ,
SD=0.20, n=12) versus site 2 (~1.01 mg Chl a (g dry wt)-1 , SD=0.25, n=15) reflected
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these differences in composition (t-test, P<0.001, df=25). Because all organisms attached
to the leaves were included in the analysis the abundance of epifauna composed of
inactive nitrogen at site 1 would expectedly result in the lower estimates of ρepi observed
for these samples. This was confirmed by normalizing uptake rates (ρepi) to Chl a
concentrations (ρChl). Estimates of ρChl were similar for both sites and ranged from 0.79
× 10-8 to 5.8 × 10-8 and 0.65 × 10-8 to 6.8 × 10-8 g N removed (mg Chl a)-1 s-1 for sites 1
and 2, respectively (Fig. 2A). Contrary to estimates of ρepi, there was no significant
difference between sites for ρChl over the range of velocity (ANCOVA ln ρchl vs ln Ub,
P=0.14) and the dependence of ρChl on velocity for the pooled samples was on the order
of 0.80 (ρchl = (18.9 × 10-8 )Ub0.77 , r2 =0.64, P<0.001). Although rates of uptake (ρChl) and
epiphyte biomass were similar between sites, the epiphytes at site 2 contained a larger
fraction of autotrophic epiphytes and therefore removed a greater portion of NH4 + from
the water column than epiphytes from site 1 (Fig. 3A; ANCOVA, ln Uptake (epiphytes)
vs. ln Ub, P<0.05). Ammonium uptake by seagrass leaves was also dependent on water
velocity (Fig. 3B). In general, uptake rates for the seagrass leaves (ρgrass) were lower than
those for epiphytes (ρepi) and ranged from 0.3-2.0 × 10-8 g N removed (g dry wt)-1 s-1 . It is
noted that total uptake of NH4 + by seagrass leaves at site 1 was significantly higher than
uptake by seagrass leaves at site 2 (Fig. 3B; ANCOVA, ln Uptake (grass) vs. ln Ub,
P<0.001).

Uptake by the entire assemblage - Linear regressions of the natural log of NH4 +
concentration vs. time used to determine first-order rate constants (k) were significant for
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Figure 2. (A) Rates of NH4 + uptake by epiphytes (ρChl) and (B) uptake rate constants (S)
for the assemblage as a function of water velocity (Ub ). Estimates of (ρChl) were similar
between sites and equally affected by water velocity (ANCOVA ln ρchl vs ln Ub, P=0.14).
The dependence of ρChl on velocity for the pooled samples is on the order of 0.80 (ρchl =
(18.9)U b0.77 , r2 =0.64, P<0.001). Uptake rate constants (S) were a function of velocity to
the 0.59 power for site 1 (S=(25.3)Ub0.59, r2 = 0.92, n=5, P<0.01) and to the 0.35 power
for site 2 (S=(19.7)U b0.35 , r2 = 0.62, n=7, P<0.05).
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Figure 3. Total ammonium removed during the experiments by epiphytes (A) and
seagrass leaves (B) versus water velocity (Ub). The total ammonium removed by the
entire assemblage (calculated from S) is presented in both graphs. Regression statistics
are as follows: Site 1 epiphytes (ln Uptake=0.72 ln Ub-14.6; r2 =0.79, P<0.05), Site 2
epiphytes (ln Uptake=0.69 ln Ub-14.0; r2 =0.56, P<0.05), Site 1 seagrass (ln Uptake=0.36
ln Ub-15.4; r2 =0.64, P=0.05), Site 2 seagrass (ln Uptake=0.64 ln Ub-15.2, r2 =0.90,
P<0.001). For the entire assemblage, there was no significant difference between sites
(ANCOVA, P=0.08) and a common regression line for pooled data is shown (ln
Uptake=0.32 ln Ub-13.3; r2 =0.61, P<0.01). Total NH4 + removed by epiphytes at site 1
was significantly lower than the total NH4 + removed by epiphytes at site 2 (ANCOVA,
P<0.05). The reverse was true for the seagrass leaves (ANCOVA, P<0.001).
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11 of the 14 flume experiments and had a mean r2 value of 0.93 (Range = 0.75 to 0.99,
SD=0.09, n=11). Regressions from two experiments conducted at a low velocity (0.02
and 0.04 m s-1 ) were not significant and showed no NH4 + uptake from the water column.
This is likely due to sampling periods being set too short to detect uptake at this low
velocity. No regression statistics were available for the experiment conducted at 0.10
m s-1 since uptake was based on samples collected at the beginning and end of the
experiment (See methods). The uptake rate constant was a function of velocity to the 0.59
power for experiments using donor leaves from site 1 (S=(25.3 × 10-5 )Ub0.59 , r2 = 0.92,
n=5, P<0.01) and to the 0.35 power for experiments using donor leaves from site 2
(S=(19.7 × 10-5 )Ub0.35 , r2 = 0.62, n=7, P<0.05, see Fig. 2B).

Ammonium uptake by epiphytes vs. assemblage - The total NH4 + removed by the
assemblage ranged between 4.8 and 12.9 × 10-7 g N s-1 . Uptake rates for epiphytes (ρChl)
were a function of the total NH4 + removed by the assemblage and increased as total
uptake by the assemblage increased (Fig. 4; Model II regression, ρChl=(0.80 × 10-8 )x 2.9, r2 =0.91, P<0.001, where x is the total NH4 + removed by the assemblage in g N s-1 ).
Unlike epiphytes, rates of uptake by seagrass leaves (ρgrass) were not dependent on the
total NH4 + uptake by the assemblage (r2 =0.17, P=0.18). The total NH4 + removed by
individual components (epiphytes, seagrass leaves) and by the assemblage is dependent
on velocity (Fig. 3).
On average, 17% (range=7-32%, SD=8, n=12) of the total NH4 + removed from
the water column was attributed to uptake by epiphytes. The relative contribution of
epiphytes increased as a linear function of total NH4 + uptake by the assemblage (r2 =0.57,
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over time.
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P<0.01) indicating that as total uptake by the assemblage increased, the relative
contribution of epiphytes to total uptake increased. Approximately 9% (range=4-17%,
SD=4, n=12) of the total uptake during experiments was attributed to leaf uptake.
Therefore, approximately 74% (range=61-83%, SD=7, n=12) of the NH4 + was removed
by other mechanisms including phytoplankton uptake, adsorption of NH4 + ions to flume
walls, volatilization of ammonia gas, and nitrification (Laws 1984; Dugdale and
Wilkerson 1986). Because this study was designed to investigate the effects of velocity
on NH4 + uptake, a comprehensive mass balance approach intended to quantify the
contribution of all potential mechanisms of
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N removal was not taken. However, the

majority of the 74% is assumed to have been taken up by organisms in the water column
since adsorption of NH4 + to container walls has been shown to be minimal (Dugdale and
Wilkerson 1986; Slawyk and Raimbault 1995) and pH and nitrate concentrations
remained relatively constant throughout these experiments (Cornelisen and Thomas,
unpubl. data).

Discussion
Utilization of 15 N-labeled ammonium in flume experiments has enabled us to
isolate the effects of water velocity on NH4 + uptake by epiphytes while measuring the
effects of velocity on NH4 + uptake by an assemblage of organisms that included
epiphytes, seagrass leaves, and phytoplankton. The outcome of these experiments
indicate that (1) rates of NH4 + uptake for epiphytes are dependent on water velocity to an
extent that suggests that uptake by epiphytes is physically limited (Fig. 2A, 3A), and (2)
estimates of ΝΗ4 + rates normalized to Chlorophyll a (ρChl) are tightly coupled to total
23

NH4 + removed from the water column by the assemblage (Fig. 4). These results
demonstrate the utility of using isotope labels in flume studies to investigate the effects of
water flow on nutrient dynamics of individual components of a community without
separating the component from other community members.
Based on our data, rates of NH4 + uptake for epiphytes increased by an order of
magnitude over a range of water velocity (0.02 – 0.20 m s-1 ) commonly observed in the
field (Fig. 2A; Fonseca and Kenworthy 1987; Koch and Gust 1999; Thomas and
Cornelisen; unpubl. data). This result emphasizes the importance of water flow in
regulating NH4 + uptake of this integral component of seagrass systems and is consistent
with previous studies that have demonstrated flow-dependent nutrient uptake by
individual organisms (e.g. Gerard 1982; Hurd et al. 1996) and communities (e.g. Thomas
and Atkinson 1997; Thomas et al. 2000). The dependence of ρChl on velocity (ρChl
~Ub0.8) was on the order of that expected for mass-transfer limited uptake (Fig. 2A; Kays
and Crawford 1993). Furthermore, despite differences in epiphyte composition between
donor sites, rates of NH4 + uptake normalized to Chl a (ρChl) were comparable between
sites and similarly affected by water velocity (Fig. 2A, 4). Measurements of Chl a
provided an estimate of the fraction of an epiphyte sample that is involved in
photosynthesis and responds to nutrient availability (Frankovich and Fourqurean 1997).
Thus normalizing to Chl a allowed for comparison among sites that differed in relative
abundance of autotrophs and heterotrophs and provided estimated NH4 + uptake rates
specific to those epiphytes that actively removed NH4 + from the water column. We
recognize that organisms other than those that contain Chl a (i.e. heterotrophic bacteria)
can remove ammonium from the water column (Hoch and Kirchman 1995); however,
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normalizing to Chl a in our experiments accounted for the differences in epiphytes from
the two sites. Therefore it is likely that uptake rates for these epiphytes were dependent
on their autotrophic fraction. Further, uptake rates were dependent on water velocity to
the order expected for mass-transfer limited uptake indicating that rates of NH4 + uptake
by these epiphytes were likely physically limited.
Uptake rate constants (S) for the entire assemblage were also dependent on water
velocity (Fig. 2B) and the relationship between S and velocity is similar to that reported
for seagrass communities in the field (Thomas et al. 2000). The total N removed from the
water column by the assemblages, calculated from these values of S, were compared to
ρchl for the epiphytes (Fig. 4). Rates of NH4 + uptake for epiphytes (ρchl) were a linear
function (over the range of our data) of the total NH4 + removed by the entire assemblage
indicating that NH4 + uptake by epiphytes is tightly coupled to uptake by the entire
assemblage. It is possible that this relationship is non- linear; however, we do not have
data in the lowest range of NH4 + uptake. A non- linear relationship is suggested if uptake
by epiphytes occurs over all ranges of uptake by the assemblage and the intercept is zero
(no uptake by epiphytes when there is no uptake by the assemblage and vice versa). Our
results suggest that a non- linear relationship may exist since the relative contribution of
epiphytes increases with total NH4 + removed by the assemblage. Such a relationship
between uptake by epiphytes and uptake by the community would indicate that epiphytes
become an increasingly important contributor to NH4 + uptake as total NH4 + removed
from the water column increases with velocity.
The close relationship between NH4 + uptake by epiphytes and the assemblage also
suggests that epiphyte populations may be a good predictor of community scale nutrient
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uptake (or vice versa). For example, there is a significant relationship between NH4 +
uptake rates fo r epiphytes (ρChl) and uptake rate constants (S) for the entire assemblage
(ρChl = 0.65 × 10-8 (S)+1.4, r2 =0.90, P<0.001). Therefore, the contribution of epiphytes to
uptake by a community in the field can be predicted from measurements of S, chlorophyll
concentrations (mg Chl m-2 ) in the epiphytes, and water velocity in situ. Further, uptake
rate constants (S) can be predicted from equations describing heat and mass transfer
(Thomas et al. 2000) and these models may prove useful for predicting uptake rates by
epiphytes.
As implied by the close relationship between uptake by epiphytes and the
community (Fig 4) and the high dependence of NH4 + uptake by epiphytes on water
velocity, epiphytes contribute a significant portion of the velocity-dependent NH4 + uptake
by the entire assemblage (Fig. 3A). Seagrass leaves were also positively affected by
water velocity, however, contributed less than epiphytes to total uptake by the
assemblage (Fig. 3B). In addition, unlike the epiphytes the rate of NH4 + uptake for
seagrass leaves was not dependent on the total NH4 + removed by the assemblage. It is
well documented that seagrass plants can remove a significant portion of their required
nitrogen from the water column (e.g. Iizumi and Hattori 1982; Lee and Dunton 1999) and
it has been suggested that this uptake contributes largely to the overall input of dissolved
inorganic nitrogen (DIN) to seagrass communities (Hemminga et al. 1991). Our results
provide evidence that epiphytes are also an important pathway for the entry of DIN from
the water column into seagrass communities. Seagrass plants utilize both water column
and sediment nutrients (Iizumi and Hattori 1982; Lee and Dunton 1999), which
compounds the complexity of biogeochemical processes in seagrass communities and the
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ability to estimate the relative contribution of epiphytes to total DIN inputs. Nonetheless,
our data reveal that epiphytes contribute to DIN inputs and identifies water velocity as a
major factor controlling inputs of DIN via both epiphyte and seagrass uptake into
seagrass communities.
The reverse relationship between sites for total uptake of NH4 + by epiphytes and
seagrasses (Fig. 3) support earlier suggestions that epiphytes compete with their host
plant for water column nutrients (Hemminga et al. 1991; Williams and Ruckelshaus
1993). Differences in NH4 + uptake between sites for the seagrass may be due to
variations in nutrient availability between locations and uptake affinity of the leaves (Lee
and Dunton, 1999). However, close proximity of the donor beds and similar N tissue
concentrations suggest that the two sites have a comparable nutrient history. If this is the
case, differences between sites may be due to indirect competition for nutrients between
the grass and epiphytes brought on by variations in spatial coverage of attached
organisms (Johnstone 1979) or in the depleted concentration gradient at the surface of the
seagrass leaves caused by epiphyte uptake (Sand-Jensen et al. 1985).
In addition to the above findings, our data suggest tha t variable effects of velocity
on NH4 + uptake by different components (i.e. seagrass, epiphytes, and phytoplankton) of
seagrass communities collectively contribute to the overall NH4 + uptake response of the
assemblage to changes in water velocity. For example, NH4 + uptake by benthic
components (epiphytes and seagrass leaves) was more dependent on velocity than uptake
by the entire assemblage (Fig. 3). The depressed relationship for the assemblage may
indicate that it is in a transitional phase rather than being mass-transfer limited (e.g.
Sanford and Crawford 2000). It is also possible that the depressed relationship is due to
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bending of the canopy with flow as suggested by Thomas et al.(2000). An alternative
explanation suggested by our data is that individual components of a community are
mass-transfer limited while others are not. For example, if ammonium uptake by
phytoplankton of small class sizes are independent of water velocity (e.g. Karp-Boss et
al. 1996), while benthic components are velocity dependent (seagrass, epiphytes), then
combined effects of velocity on the whole community will be depressed relative to that of
the benthos alone. Follow- up research in field flumes (Thomas et al. 2000) employing a
mass balance approach will provide a more in-depth analysis of the relative contributions
of individual components to total nutrient uptake and the dependence of uptake on
velocity.
The application of 15 N-labeled ammonium in flume experiments has allowed us to
isolate the effects of water velocity on NH4 + uptake by epiphytes while they were situated
within a seagrass assemblage. As a result, we have been able to demonstrate the
importance of water velocity in controlling rates of NH4 + uptake by this important
component of seagrass communities. Furthermore, our data indicate that epiphytes are
tightly coupled to uptake by the entire community and along with seagrass leaves
contribute to DIN inputs to seagrass communities as well as the uptake response of the
assemblage to water velocity. Future studie s conducted in situ through the use of field
flumes and labeled nutrients will provide valuable information on the role of the physical
environment on nutrient cycling processes at the scale of individual organisms (i.e.
seagrass plants) and groups of orga nisms (i.e. epiphytes and phytoplankton) and how
these processes are reflected in the response of the entire community.
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CHAPTER THREE
AMMONIUM AND NITRATE UPTAKE BY LEAVES OF THE SEAGRASS
THALASSIA TESTUDINUM: IMPACT OF HYDRODYNAMIC REGIME AND
EPIPHYTE COVER ON UPTAKE RATES

Introduction
Seagrasses assimilate dissolved inorganic nitrogen (DIN) from both water column
and sediment pools (Iizumi and Hattori 1982; Short and McRoy 1984; Stapel et al. 1996).
Although seagrass roots are exposed to DIN concentrations that are an order of
magnitude greater than water column concentrations, their leaves can account for a
significant portion of total N acquisition (Iizumi and Hattori 1982; Short and McRoy
1984; Lee and Dunton 1999). Lee and Dunton (1999) developed an annual nitrogen
budget for Thalassia testudinum that provides valuable data on DIN uptake kinetics for
both T. testudinum roots and leaves. The contribution of roots and leaves to the total N
budget was found to be approximately equal (52% for roots and 48% for leaves). In
addition, uptake kinetics and affinity for the leaves, derived from a Michaelis-Menten
model, were shown to be significantly higher for ammonium than for nitrate (Lee and
Dunton 1999). These findings were consistent with earlier studies that demonstrated a
preference for the reduced form of nitrogen over NO3 - (e.g. Short and McRoy 1984;
Terrados and Williams 1997).
The available database on uptake of DIN by seagrasses is largely based on
experiments involving plants isolated from other organisms (i.e., epiphytes) and data
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analysis using the Michaelis-Menten model (e.g., Iizumi and Hattori 1982; Terrados and
Williams 1997; Lee and Dunton 1999). These studies provide insight on the physiology
and enzyme kinetics of seagrasses; however, they do not account for factors that can
influence uptake by seagrass leaves in a natural canopy, such as water flow and the
presence of epiphytes. If the rate at which DIN is delivered to the leaf surface exceeds the
rate at which the DIN can be processed by the leaf, then the uptake rate will be largely
controlled by kinetic factors such as the speed of enzymatic reactions or the availability
of uptake sites. Conversely, if the rate at which the leaf processes a nutrient exceeds the
delivery rate, then uptake rates can be influenced by (1) water flow, which can affect
diffusive boundary layer thickness adjacent to the leaf surface (Koch 1994), and (2)
epiphyte cover (Johnstone 1979), which can reduce the number of active uptake sites
available for uptake. The relative impact of these physical factors on uptake can vary
over time (Koch 1994) and intermediate levels of kinetic vs. physical control can also
occur (Sanford and Crawford 2000). While some data exist on the individual effects of
water flow and epiphyte cover on DIN uptake, there is little information on how these
factors collectively affect uptake by seagrass leaves in their natural environment.
Seagrasses are primarily found in shallow coastal waters that are exposed to a
range of hydrodynamic conditions (Fonseca and Kenworthy 1987; Koch and Gust 1999).
Increased water velocity and turbulence associated with waves and tides influence
important ecological processes in seagrass communities, including nutrient uptake
(Thomas et al., 2000; Tho mas and Cornelisen, 2003), photosynthesis and productivity
(Fonseca and Kenworthy 1987; Koch 1994), and the dispersal of pollen (Ackerma n 1986)
and seeds (Orth et al. 1994). Dense stands of seagrass shoots and associated epiphytes
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collectively form a rough and flexible surface that strongly influences characteristics of
water flow in and above the canopy. Turbulent energy and stresses are typically greatest
at the top of the seagrass leaves (Gambi et al. 1990; Nepf and Vivoni 2000) and penetrate
further into the canopy as flow speed increases (Ghisalberti and Nepf 2002).
The rate at which turbulent energy is dissipated at the surface of the benthos (ε)
can be correlated to diffusive boundary layer thickness at the uptake surface. Rates of
nutrient uptake are expected to be proportional to ε (uptake rate ≈ ε 0.25) when they are
limited by rates of delivery (Hearn et al. 2001). Further, if shear generated turbulence at
the benthic surface is balanced by its dissipation then uptake rates should also be
proportional to bottom shear stress (uptake rate ≈ τ0.4; Hearn et al. 2001). These
relationships are proposed for non-flexible benthic communities (e.g., coral reef flats);
however, it is possible that they apply to a broad range of benthos including plant
canopies. In flexible canopies, sources other than shear can generate turbulence, which
leads to imbalances between production and dissipation of turbulence within various
regions of the canopy (see Raupach et al. 1996; Ghisalberti and Nepf 2002). However,
the relationships derived by Hearn et al. (2001) may be transferable to seagrass beds
despite any small- scale inequalities between production and dissipation occurring among
the seagrass shoots. This is especially true if estimates of ε within a roughness length of
the bottom even out any small deviations in the balance of turbulent energy within the
canopy. Further, since uptake by the benthos as a whole is driven by the organisms that
comprise the benthos, analogous relationships between hydrodynamic parameters and
uptake rates for individual benthic components (seagrass plants and epiphytes) are
proposed to exist.
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In addition to water flow, epiphytes attached to the leaf surface can influence the
rate of uptake by the leaves. Symbiotic interactions between seagrasses and epiphytes
have been described (Harlin 1973; McRoy and Goering 1974; Penhale and Thayer 1980;
Libes 1986); however, their relationship may not be entirely mutual since epiphyte cover
may act as a barrier to nutrient uptake (Sand-Jensen 1977; Johnstone 1979) or deplete
nutrient concentrations within the diffusive boundary layer at the leaf surface (SandJensen et al. 1985). Conversely, there may be some interplay between epiphytes and
water flow that could enhance uptake by seagrass leaves (Koch 1994). These interactions
are further complicated by the potential impact of shading by epiphytes on seagrass
productivity (Sand-Jensen 1977), which in turn could influence DIN uptake by the leaves.
Data from Lee and Dunton (1999) suggest that the form of DIN being assimilated
(NH4 + vs. NO3 -) will influence the extent to which uptake rates are affected by water flow
and epiphyte cover. Michaelis-Menten parameters (i.e., Vmax) estimated for T.
testudinum indicate that the capacity for T. testudinum leaves to take in ammonium is
over twice as high as the capacity to take in nitrate (Lee and Dunton 1999). Uptake rates
for NH4 + may be more dependent on water flow than rates of NO3 - uptake since uptake of
nitrate relies heavily on physiological factors (i.e., nitrate reductase (NR) activity and the
availability of stored carbohydrates; Roth and Pregnall 1988; Touchette and Burkholder
2000). Thus, rates of ammonium uptake for seagrass leaves may be influenced by water
flow (Cornelisen and Thomas 2002); whereas, rates of nitrate uptake may be limited by
physiological factors that could reduce or possibly eliminate enhancement of uptake rates
due to thinning of the diffusive boundary layer. If the delivery rate of NO3 - to the bare
surface of the leaf exceeds the rate at which the leaf can process nitrate, then epiphyte
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cover would also be expected to have little impact on uptake rates. Conversely, epiphytes
would be expected to significantly impact the rate of ammonium uptake by the leaves.
In the present study, the concomitant effects of hydrodynamics and epiphyte
cover on rates of DIN uptake for T. testudinum leaves are investigated while they are
situated in natural seagrass beds. Ammonium and nitrate are used in two separate
experiments in order to compare the effects of water flow and epiphyte cover on two
forms of DIN that vary in their physiological requirements for uptake. To isolate effects
of these factors on uptake by the leaves, 15 N-labeled ammonium and 15 N-labeled nitrate is
applied in a field flume deployed in a seagrass bed and uptake rates are measured over a
range of water velocity. Hydrodynamic parameters, including energy dissipation rate and
bottom shear stress, are estimated from velocity profiles collected with an acoustic
Doppler velocimeter. Dependence of uptake rates on these parameters is then assessed for
leaves both with and without epiphytes covering their surface. The potential implications
of our findings for nutrient uptake by seagrasses in natural communities are discussed.

Methods
Flume deployment - Isotope labels were applied in a flume deployed in natural seagrass
beds in order to isolate the effects of water flow and epiphyte cover on the rate of NH4 +
and NO3 - uptake by Thalassia testudinum leaves. Uptake rates for ammonium and nitrate
were measured between 7 and 14 June 2001 and between 17 and 22 June 2001,
respectively. For measuring rates of ammonium uptake, the field flume was deployed
within a T. testudinum bed located in Pass-A-Grille Channel, which is approximately 2
km north of Fort Desoto County Park at the southernmost point of Pinellas County,
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Florida (Fig. 5). Due to limited accessibility to the me adow at the Pass-A-Grille site,
uptake rates for nitrate were measured within the park boundaries approximately 2 km
south of Pass-A-Grille Channel. Weather conditions and characteristics of these two sites
were similar and are provided in Table 1. All rates were measured between 1000 and
1500 h and within 100 meters of the shoreline in water depth less than the flume height
(0.8 m).
The field flume enclosed a 3.7 m2 area of the seagrass bed and enabled controlled
unidirectional flow over the community and measure nutrient uptake by the seagrass
enclosed in the flume (Fig. 6; See Thomas et al. 2000; Thomas and Cornelisen 2003).
Uptake rates for NH4 + were determined from a series of nine flume experiments, each of
which was conducted at a velocity randomly chosen from a predetermined range
observed under natural flows in seagrass beds (0.02 - 0.18 m s-1 ). A total of seven flume
experiments over a similar range of velocity (0.03 - 0.17 m s-1 ) were conducted for
measuring rates of NO3 - uptake. The flume was moved to a new location in the seagrass
bed for the measurement of each uptake rate.
After ensuring the flume was sufficiently sealed from the surrounding water, a
spike of 15 NH4 + (as 20 mmol/L 98 atom % 15 NH4 Cl) or 15 NO3- (as 20 mmol/L 98% 15Na
NO3 -) was added to the flume to obtain a beginning water column concentration of ~ 6
µmol/L for NH4 + and ~ 4 µmol/L for NO3 -. The spike was added slowly (over ~3
minutes) through a tube leading to the motor box and the trolling motor was used to assist
in mixing the water to obtain a uniform beginning concentration. Ambient water samples
were collected prior to each experiment to confirm the contribution of background
nutrients to the total amount of nutrients in the flume. Several parameters were measured
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Figure 5. Area map of Tampa Bay indicating locations of flume experiments for
measuring rates of ammonium and nitrate uptake.
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Ammonium

Nitrate

Average water depth (m)

0.63 (± 0.05, 9)

0.58 (± 0.09, 7)

Water temperature (°C)

32.1 (± 2.2, 9)

32.9 (± 2.1, 7)

Ambient NH4 + concentrations (µM)

0.51 (± 0.22, 9)

0.29 (± 0.13, 7)

Ambient NO3 - concentrations (µM)

0.10 (± 0.10, 9)

0.08 (± 0.07, 7)

SEAGRASS
Biomass (g m-2 )

132 (± 32, 9)

127 (± 24, 7)

2

430 (± 104, 45)

376 (± 119, 35)

2

Leaves per m

1166 (± 212, 9)

1171 (± 242, 7)

Canopy height in still water (m)

0.24 (± 0.03, 9)

0.32 (± 0.03, 7)

% N content

2.13 (± 0.21, 18)

1.98 (± 0.13, 14)

201 (± 60, 9)

142 (± 44, 7)

% N content

0.98 (± 0.13, 18)

1.46 (± 0.14, 14)

Chl a (mg Chl a g dry wt-1 )

0.84 (± 0.26, 27)

1.32 (± 0.36, 21)

90 (± 4, 12)

73 (± 15, 12)

23.7 (± 1.3, 6)

24.0 (± 2.3, 6)

Diatoms, blue-green
algae, particulates, red
macroalgae

Diatoms, corallines,
blue-green algae, red
macroalgae

Shoots per m

EPIPHYTES
Biomass (g m-2 )

% of leaf surface covered by epiphytes
% Organic content
Composition

Table 1. Characteristics of the study sites where field flume experiments were conducted
to measure uptake rates for ammonium (left column) and nitrate (right column). Nine
experiments were conducted at the NH4 + site and 7 at the NO3 - site. Numbers in bold
represent the mean of n samples and numbers in parentheses are ± 1 S.D. and the number
(n) of samples.
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1.2
m

2.4 m

ADV

0.8 m
Flow
straighteners
Trolling
motor

Figure 6. Diagram of the field flume used for isolating a section of the seagrass bed and
conducting uptake experiments. The flume was constructed of an aluminum frame and
clear Lexan walls. The turn sections were made from half sections of fiberglass pipes.
The flume extended 5 cm into the substratum (indicated by the shaded region) and
isolated the community from water outside the flume. The trolling motor was powered
by a 12-volt marine battery and controlled using a diode system (Linear Power Systems,
Clearwater, Florida, USA) for continuous unidirectional flow over the community.
Velocity profiles were collected with an ADV (Sontek, San Diego, California, USA; 10
Hz field model) at the location shown.
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during each flume deployment, including water height, temperature, and the deflected
height (hd) of the canopy in flowing water. Deflected height was based on an average of
ten measurements taken manually with a meter stick while the water was flowing.
Prior to placing the flume over the seagrass bed, epiphytes were completely
removed from six random leaves within a 0.25 m2 area in order to measure uptake rates
for seagrass leaves without epiphyte cover. New and senescent leaves were not used as
leaves without epiphyte cover due to the difficulty in completely removing epiphytes
from senescing leaves and the virtual absence of epiphytes on the new leaves. Epiphytes
were easily removed by gently rubbing and scraping the leaves between the thumbnail
and index finger while snorkeling above the canopy. There were no epiphytes visible to
the eye on these leaves following collection. While the effectiveness of epiphyte removal
was not assessed using a microscope for this study, previous analysis of leaves that were
collected from the same locations that had epiphytes removed indicated effective (> 95%)
removal using this technique (Cornelisen, unpublished data).

Hydrodynamic characterization - Velocity profiles were collected during each flume
experiment to describe the vertical distribution of mean velocity, Reynolds stress, and
turbulent energy in and above the canopy and to estimate hydrodynamic parameters (ε
and τ) from the logarithmic portion of the velocity gradient. Velocity data were collected
using an acoustic Doppler velocimeter (Field ADV; YSI/Sontek) that measures velocity
in three dimensions: longitudinal along the main flow (U), transverse (V), and vertical
(W). The probe was affixed to a metal rod that could be moved vertically to position the
sensors at a specific height above the bottom. Profiles were collected in the center of the
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working section approximately 1.5 m downstream from the first turn (Fig. 6) and within
the area where leaves were collected for determining uptake rates.
For each velocity profile data were recorded at 5 Hz for 1 minute (n = 300) at
each of 10 to 12 heights above the sediment-water interface. Heights included ~ 4 - 6
measurements within the canopy and at least 5 above the seagrass up to ~ 10 cm beneath
the surface of the water. Care was taken to ensure that the sampling volume was
sufficiently above the bottom when data was collected near the sediment-water interface
(Finelli et al. 1999). When data were collected in the canopy, leaves that were directly in
contact with the ADV sensors were trimmed to prevent interference with data collection.
This technique has been shown to have no significant effect on flow measurements taken
in vegetative canopies (Ikeda and Kanazawa, 1996). Mean velocity for each of the
components ( U , V , and W ), Reynolds stress (- U 'W ' ) and total turbulent energy
(K=0.5[ U 'U ' + V 'V ' + W 'W ' ]) were calculated using the velocity data collected at each
height (Denny 1988; Nikora et al. 1998; Dade et al. 2001). Signal to noise ratios were
well above the recommended 15 db level and the correlation values for the three sensors
consistently ranged between 85 and 95%.
The vertical gradient of mean velocity in the dominant direction of flow ( U ) was
used to obtain estimates of shear velocity (U* ) and roughness length (Zo ) by employing
the commonly cited Karman-Prandtl equation:

U = U* /k ln (Z/Zo )

39

(1)

where U is the mean velocity at a given distance from the bottom, k is the von Karman
constant (0.4), and Z is the height above the sediment-water interface. This method
utilized the portion of the profile in which velocity increased logarithmically with
increasing height (Z) above the bottom. The roughness length (Zo ) was estimated as the
intercept of the velocity vs. ln Z plot (see Denny, 1988). Confidence limits (95%) on
estimates of U* were based on the number of measurements in the logarithmic portion of
the vertical profile and the regression coefficient (r2 ) and using the expression outlined in
Grant et al. (1984). Estimates of bottom shear stress (τ) were based on the relationship
τ = ρU* 2 , where ρ is the density of seawater (Denny 1988). The rate of energy
dissipation (ε) at the height of the roughness length (Zo ) was estimated using the equation
ε=(τ/ρ)3/2 /kZo (Hearn et al., 2001). Estimates of depth-averaged velocity (Ub ) were also
obtained from each profile using equation 1.
Equation (1) can be modified to include an estimate of the displacement height
(d). Values of d were on the order of 75% (± 35%) of the canopy height, which is
consistent with previous studies on vegetated canopies (e.g., Nepf and Vivoni 2000;
Dong et al. 2001). Application of the displacement height in equation 1 resulted in
increased variability in estimates of Zo and U* and did not improve the fit of the data to
the equation and therefore d was omitted. Similar results have been noted in studies on
terrestrial systems and it has been demonstrated that better estimates of U* can be made
by assuming d to be zero (e.g. Dong et al., 2001).

Collection of seagrass and epiphyte samples - Seagrass leaves with and without epiphyte
cover were collected before and immediately following each flume experiment for
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determining the rate at which NH4 + or NO3- accumulated within their tissue. Epiphytes
were gently scraped from the seagrass leaves (n = 10) that were covered in epiphytes and
along with the seagrass leaves were retained for analysis. Epiphytes removed from the
seagrass leaves were pooled and split into two portions, with half designated for 15 N
analysis and half for determination of Chlorophyll a concentration. Seagrass samples,
which consisted of whole leaves, were rinsed thoroughly with filtered seawater.
Epiphytes were rinsed with filtered seawater over a 35 µM screen. Following the filtered
seawater rinse, epiphytes were briefly rinsed with DI water to remove salt (Winning et al.
1999). Samples of seagrass and epiphytes were also collected from an area away from
the flume and processed in a separate area for determination of ambient 15 N in the tissues.
All samples were placed in separate whirl-pak bags and kept in a seawater-ice mixture
(~ 0°C) until sample processing at the laboratory (within 6 hours). Samples were dried at
60°C, ground to a fine powder, and placed in glass vials for transport to the Isotope Ratio
Mass Spectrometry (IRMS) facility. Chlorophyll a concentration in the epiphyte tissues
was estimated using spectrophotometric methods as outlined in Strickland and Parsons
(1968).
For each study site, random segments (~2 cm in length) from twelve whole leaves
with epiphytes in tact were analyzed to quantify the percentage of leaf area covered by
the epiphytes. Epiphyte cover on scenescent and newly formed leaves was not quantified
since these same leaves were not included in 15 N analysis. Digital images were taken of
each leaf segment using a Nikon camera mounted on a dissecting microscope. Images
were imported into Image Pro, where areas of bare leaf were traced and quantified using
a calibrated polygram measurement tool. Total area of bare leaf was divided by total area
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of the segment to determine the percentage of the leaf surface that was bare of epiphytes.
The average of the twelve estimates was taken as an estimate of epiphyte cover for each
site. Five estimates of shoot and leaf density were obtained at the site of each flume
experiment using a randomly placed quadrat (0.25 m2 ). In addition, all leaves with
epiphytes within a 0.01 m2 quadrat were collected, separated, and dried to obtain
estimates of biomass for the seagrass leaves and the epiphytes.

Calculation of uptake rates - Dried, homogenized samples of seagrass leaves with and
without epiphyte cover and the epiphyte samples were analyzed using EA-IRMS
(elemental analyzer isotope ratio mass spectrometry) for determination of nitrogen
content (% N) and atom % 15 N. Specific uptake rates (V) for the samples were calculated
using the following equation:

V = (das /dt)/(a w-as)

(2)

where as is the atom % 15 N in the component’s tissue, a w is the atom % 15 N of the
enriched substrate, and t is time (in seconds) (Dugdale and Goering 1967). The units for
V are g N removed (g N tissue) -1 s-1 , or simply s-1 . The atom % 15 N of the enriched water
(aw) was based on the amount of 98 atom % 15 NH4 + or 15 NO3- added and background DIN
concentrations (assumed to reflect 15 N concentration of atmospheric N ~0.37 atom %
15

N). The numerator (das/dt) was estimated as the difference in atom % 15 N between

ambient samples and samples collected at the end of each experiment divided by the
duration of the experiment, which ranged from 45 to 60 minutes. It is noted that the use
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of equation (2) in calculating V assumes that the atom % 15 N of the source pool did not
change during the course of the experiment. Dilution of

15

N in the source pool resulting

from inputs of non-labeled NH4 + (via regeneration, excretion) or NO3 - (via nitrification)
into the water column would expectedly result in underestimated uptake rates (Laws
1984). While this is a potential source of error, the short duration of these experiments
along with the high concentration and atom % 15 N of the spike likely minimized dilution.
Each specific uptake rate (V) was normalized to the nitrogen concentration (% N)
of the tissue to calculate an uptake rate (ρ) in units g N removed (g dry wt)-1 s-1 (Dugdale
and Goering 1967). For the epiphytes, uptake rates (ρ) were also normalized to
chlorophyll a concentration in the sample to obtain an uptake rate that was representative
of the autotrophic fraction (ρChl = ρ × Chl a-1 in units g N removed (mg Chl a) -1 s-1 ;
Dickson and Wheeler 1995; Frankovich and Fourqurean 1997; Cornelisen and Thomas
2002). Since the decline in ammonium or nitrate concentration in the water column is a
first-order decline (See Thomas et al. 2000), the rate of

15

N accumulation in the seagrass

leaves is assumed to be first-order. Equation 2 assumes linear uptake and any change in
water column concentration over time will influence the calculation of uptake rates.
Therefore, uptake rates (ρ) must be multiplied by a correction term (α) to compensate for
changes in water column concentration. For instance, water column concentration during
measurement of uptake rates at a high velocity was depleted more than during
measurements at low velocity. As a result, ρ would be underestimated if concentration
were assumed to remain constant. The correction term was calculated as the average
value of 1/e-kt over the course of the experiment, where k is the first-order rate of decline
in concentration and t is time. Water samples were collected over the duration of each
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experiment and values of k were estimated as the slope of the natural log of concentration
in these samples versus time (see Thomas et al. 2000 for details). Samples were analyzed
with an autoanalyzer to determine concentration (to an accuracy of 0.1 µmol/L) of
ammonium and nitrate. Uptake rates corrected for concentration change (ρ × α) are
considered potential uptake rates for the beginning water column concentration (6 µM for
NH4 + experiments and 4 µM for NO3 - experiments) and are used here to assess the effects
of water flow and epiphyte cover on uptake by seagrass leaves.

Effects of water flow on DIN uptake rates - If rates of ammonium or nitrate uptake for the
seagrass leaves are limited by the rate at which the nutrient is delivered to the leaf
surface, then uptake rates will be dependent on factors that influence the thickness of
diffusive boundary layers. Several hydrodynamic parameters, including ε and τ, can be
correlated to diffusive boundary layer thickness and therefore uptake rates (see Hearn et
al. 2001). If uptake rates for the seagrass leaves were limited by the rate of delivery, ρ
would be expected to be proportional to ε to the quarter power (ρ ≅ ε0.25 ) and τ to the 0.4
power (ρ ≅ τ0.4 ) (see Hearn et al. 2001). The dependence of uptake rates (ρ) on ε and τ
was evaluated using regression and comparing the data to the expected rela tionship.
Because there was error in estimating both the dependent and independent variables,
model II regressions (geometric mean) were used to calculate the slope and confidence
limits (Sokal and Rohlf 1995). Correlations between uptake rates and hydrodynamic
parameters were also estimated using the product-moment correlation coefficient (r).
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Effects of epiphyte cover on DIN uptake rates - To assess the effects of epiphytes on
uptake, uptake rates (ρ) for seagrass leaves with and without epiphyte cover were
normalized to the average proportion of the leaf area that was not covered by epiphytes.
If rates of uptake were limited by the rate of delivery to bare areas of the seagrass leaf,
then uptake rates normalized to the proportion of bare area would be expected to be
similar between leaves with and without epiphyte cover. Furthermore, if epiphytes
enhanced rates of delivery, then uptake rates per bare leaf area for leaves with cover
would be higher than those for leaves without cover. Uptake rates for leaves with
epiphytes could also exceed those for leaves without epiphytes if uptake rates are
controlled by the ability of the leaf to process the nutrient rather than the rate of delivery
to the bare surface.
For leaves covered in epiphytes, uptake rates were normalized to the proportion of
the total surface area of the leaf that was not covered by epiphytes to obtain an uptake
rate in g N removed (m-2 leaf area) time-1 . This uptake rate was calculated as ρ ×
proportion bare area × g tissue per m2 of leaf area, where leaf area is equal to mean
overall leaf length times the mean leaf width. Uptake rates for leaves without epiphytes
were normalized to total leaf area. For comparison purposes, uptake rates for epiphytes
were normalized to the proportion of the leaf area that they covered.

Results
Hydrodynamic characteristics - Vertical profiles of mean velocity ( U , V , and W ) reveal
that water flow in the flume was highly unidirectional (Fig. 7). Velocity profiles closely
resemble those described in natural tide-driven flows in seagrass beds (e.g., Koch and
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Figure 7. Example of two velocity profiles collected during flume experiments for measuring NH4 + uptake rates, including one
conducted at low (ο) and one at high (•) flow. Profiles of mean velocity in the main flow (U), transverse (V), and vertical (W)
directions are shown for heights above the bottom (Z) normalized to deflected canopy height (hd). Mean velocity at each height was
based on the average of 300 measurements (Collected at 5 Hz for 1 minute with ADV). Bars represent ± 1 standard deviation
(equivalent to rms and turbulence). The dotted line indicates the height of the canopy (Z/hd = 1). Depth-averaged velocity (Ub ) was
0.04 and 0.17 m s-1 , shear velocity (U* ) was 0.012 and 0.034 m s-1 , and roughness length (Z0 ) was 0.086 and 0.043 cm for the profile
collected at low and high flow, respectively. Actual measured canopy height during these profiles was 0.19 cm for the low flow
experiment and 0.14 cm for the high flow experiment. The above profiles were typical of those collected for the study.

Gust 1999). Flow was attenuated within the canopy; however, at high velocity flow
penetrated deeper into the canopy and attenuation was less pronounced (see Fig. 7).
Depth-averaged velocity (Ub) ranged between 0.03 and 0.17 m s-1 and 0.03 and 0.18 m s-1
in flume experiments for measurement of NH4 + and NO3 - uptake rates, respectively.
Distributions of Reynolds stress (- U 'W ' ) and turbulent energy (K) indicated that shear
and turbulence was highest at the top of the canopy and decreased as the sediment-water
interface was approached (Fig. 8). At high velocity (Ub), estimates of Reynolds stress
and energy were up to 5 times as high at the top of the canopy as those estimated from
velocity profiles collected at low Ub. Furthermore, Reynolds stress and energy penetrated
deeper into the canopy as Ub was increased (see Fig. 8).
Flow above the deflected canopy increased logarithmically with height and fits of
the velocity (U) data to the Karman-Prandtle equation were significant (P < 0.05, range of
r2 = 0.90 – 0.99, mean r2 = 0.95) for all profiles collected during NH4 + uptake
experiments and for six of the seven profiles collected during NO3 - uptake experiments.
During one flume experiment for nitrate, a full profile was not obtained due to equipment
failure and data was limited to an estimate of depth-averaged velocity (Ub ) based on
measurements taken at a height equidistant between the canopy and the water’s surface.
Estimates of shear velocity (U* ) ranged between 0.010 and 0.034 m s-1 (95% CLs range =
± 0.002 to ± 0.011 m s-1 ) during NH4 + uptake experiments and between 0.021 and 0.050
m s-1 (95% CLs range = ± 0.006 to ± 0.017 m s-1 ) during NO3 - uptake experiments.
Roughness length (Zo ) ranged between 0.03 and 0.17 m for NH4 + uptake
experiments and between 0.09 and 0.19 m for NO3 - uptake experiments. As Ub increased,
the canopy deflected and Zo decreased in experiments involving NH4 + (Zo = 0.01Ub-0.76 ,
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Figure 8. Vertical profiles of (A) Reyno lds stress (- U 'W ' ) and (B) total turbulent energy
(K = 0.5[ U 'U ' + V 'V ' + W 'W ' ]). Parameters were calculated from the same velocity
data used in Fig. 7. Depth above the bottom (Z) was normalized to deflected canopy
height (hd). Note the enhanced Reynolds stress and turbulence at the top of the canopy
(represented by the dotted line) during both experiments and the greater penetration into
the canopy during the higher velocity (U b) experiment.
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r2 = 0.70, P<0.01) and those involving NO3 - (Zo = 0.04Ub-0.50 , r2 = 0.67, P<0.05). The
proportion of the deflected canopy (hd) that was penetrated by water flow (represented as
1- Zo /hd ) increased from 20 to 80 % over the range of Ub at both sites (see Fig. 9; (1Zo /hd) = 1.66Ub0.48, r2 = 0.71, P<0.01). Bottom shear stress (τ) ranged between 0.09 and
1.20 N m2 during measurement of NH4 + uptake rates and between 0.49 and 2.55 N m2
during measurement of NO3 - uptake rates. Rates of turbulent energy dissipation (ε)
within the roughness length (Zo ) of the bottom ranged between 0.02 × 10-3 and 2.25 × 10-3
m2 s-3 during measurement of NH4 + uptake rates and between 0.15 × 10-3 and 3.21 × 10-3
m2 s-3 for experiments involving nitrate.

Canopy characteristics - A summary of data on canopy characteristics is provided in
Table 1. Water temperatures at the two sites were similar and averaged around 32.5°C.
Ambient nutrient concentrations collected during the time of the experiments indicate
that ammonium concentrations were higher (~ 0.40 µM) than nitrate concentrations (~
0.09 µM) and that the site in Pass-A-Grille Channel had slightly higher NH4 +
concentrations than the site within the park boundaries (Table 1). Shoot density of the
seagrass beds at both sites was relatively low (< 400 shoots m2 ) in comparison to
densities reported elsewhere (e.g., Thomas et al., 2000). The canopy height (without
flow) at the site for NO3 - uptake experiments was ~ 8 cm taller than the canopy height at
the site for NH4 + uptake experiments. A quantitative analysis using the dissecting scope
indicated that approximately 90% (± 4%) and 73% (±15%) of the leaf surface was
covered with epiphytes during measurement of NH4 + and NO3 - uptake, respectively.
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Figure 9. The relative proportion of deflected canopy height (hd ) represented by
roughness length (Z0 ) versus bulk velocity (Ub) for all profiles collected during the
ammonium and nitrate uptake experiments. Values were subtracted from 1 to provide an
indication of the relative proportion of the canopy that flow penetrated. For example, the
height above the bottom at which the logarithmic portion of the velocity profile
extrapolated to 0 was at approximately 20% of the deflected canopy height at low
velocity (~ 0.03 m s-1 ) and approximately 70% of the canopy height at high velocity (~
0.17 m s-1 ).
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Differences in percent cover between the sites are consistent with differences in epiphyte
biomass (Table 1).
Epiphytes at the NH4 + site were primarily composed of benthic diatoms and bluegreen algae mixed together within a gelatinous mass covering the leaf surface. There
were also a few red macroalgae (i.e., Ceramium sp.) and fine sediments and particulate
matter mixed in with the diatom assemblage. At the NO3 - site, epiphyte samples were
also largely composed of diatoms and blue-green algae, but also contained an abundance
of crustose corralines (i.e., Fosliella sp.). Less common but present were encrusting
brown algae (i.e., Myrionema sp.) and some red macroalgae. Polychaetes were also
attached to the leaf surface.

Effects of water flow on DIN uptake rates - The rate of NH4 + uptake by seagrass leaves
with epiphyte cover was dependent on hydrodynamic conditions and ranged from 0.10 ×
10-8 to 0.44 × 10-8 g NH4 +-N (g dry wt)-1 s-1 (Fig. 10). One of the calculated rates for these
leaves was determined to be a significant outlier (P < 0.01, Grubbs test; Sokal and Rohlf
1995) and was removed from data analysis. Based on Model II regressions, the rates of
NH4 + uptake for the leaves with epiphyte cover were significantly dependent on shear
stress (ρ = [4.07 × 10-9 ] τ0.66 , 95% CLs on slope = 0.28 and 1.03, r = 0.80, P<0.05) and
energy dissipation rate (ρ = [2.92 × 10-8 ] ε0.31, 95% CLs on slope = 0.17 and 0.45, r =
0.88, P<0.01).
Uptake rates for the leaves without epiphyte cover were approximately 9 times
those of leaves with epiphyte cover and ranged between 1.00 × 10-8 and 3.89 × 10-8 g
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Figure 10. The rate of ammonium uptake (ρ) by seagrass leaves with (ο) and without (•) epiphyte cover versus (A) bottom shear stress
(τ) raised to the 0.4 power and (B) energy dissipation rate (ε) raised to the 0.25 power. Lines represent the best linear fit for the data
with an intercept set at 0. Regressions are significant (P<0.01) and demonstrate that rates of NH4 + uptake fo r seagrass leaves were
limited by the rate of delivery. Uptake rates for leaves without epiphyte cover were approximately 9 times higher than those for
leaves with epiphyte cover.

NH4 +-N (g dry wt)-1 s-1 (Fig. 10). They were also significantly dependent on bottom shear
stress (ρ = [3.36 × 10-8 ] τ0.60 , 95% CLs on slope = 0.29 and 0.92, r = 0.81, P<0.05) and
energy dissipation rate (ρ = [2.05 × 10-7 ] ε0.29, 95% CLs on slope = 0.16 and 0.42, r =
0.86, P<0.01). Slopes were slightly higher than those expected for ρ vs. τ (0.4) and ρ vs.
ε (0.25) (Hearn et al. 2001). This result was partly explained by the application of using
a geometric mean regression, which always results in greater slopes than would be
provided by usual linear regression (Sokal and Rohlf 1995). Nonetheless, the expected
slopes fall within the 95% confidence intervals and the data showed good agreement with
the expected relationships (Fig. 10).
Rates of ammonium uptake (ρ) for epiphytes normalized to Chl a concentrations
(ρChl) ranged between 1.26 × 10-8 and 4.32 × 10-8 g NH4 +-N (mg Chl a)-1 s-1 and were
significantly dependent on bottom shear stress (ρ = [3.82 × 10-8 ] τ0.55 , 95% CLs on slope
= 0.31 and 0.80, r = 0.87, P<0.01) and energy dissipation rate (ρ = [2.01 × 10-7 ] ε0.26 , 95%
CLs on slope = 0.16 and 0.36, r = 0.91, P<0.01). As was the case for seagrass leaves,
slopes fell within the range of those expected and indicated that uptake rates were limited
by the rate of delivery.
The rate of nitrate uptake by seagrass leaves with epiphyte cover ranged between
0.046 × 10-8 and 0.087 × 10-8 g NO3 - -N (g dry wt)-1 s-1 and was not dependent on
hydrodynamic parameters (P>>0.05, Fig. 11). Rates of NO3 - uptake for seagrass leaves
without epiphyte cover ranged between 0.07 × 10-8 and 0.14 × 10-8 g NO3 - -N (g dry wt)-1
s-1 and were also not affected by water flow. Rates of NO3 - uptake (ρ) for epiphytes
normalized to Chl a concentration ranged between 0.37 × 10-8 and 0.89 × 10-8 g NO3- -N
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Figure 11. The rate of nitrate uptake (ρ) by seagrass leaves with (open symbols) and without (closed symbols) epiphyte cover versus
(A) bottom shear stress (τ) raised to the 0.4 power and (B) energy dissipation rate (ε) raised to the 0.25 power. A velocity profile was
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regressions between ρ and hydrodynamic parameters; however, uptake rates for leaves without epiphyte cover were significantly
higher than those for leaves that were covered (paired t-test, P<0.01, df = 6).
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Figure 12. (A) Rates of ammonium uptake for seagrass leaves with (open symbols) and without (solid symbols) epiphyte cover and for
epiphytes (∗ ) versus energy dissipation rate raised to a power of 0.25. (B) Rates of nitrate uptake rates for seagrass leaves with (open
symbols) and without (closed symbols ) epiphyte cover and for epiphytes (×) versus energy dissipation rate raised to a power of 0.25.
Uptake rates are based on a percentage of bare leaf area that leaves or epiphytes were exposed to the water column. For instance,
during NH4 + uptake experiments, epiphytes covered approximately 90% of the leaf area. Therefore, uptake rates for epiphytes were
normalized to 90% of the total leaf area and seagrass leaves with epiphyte cover were normalized to 10% of the total leaf area. Lines
represent the best linear fit for the data with an intercept set at 0. NH4 + uptake rates for seagrass leaves with and without epiphyte
cover were not significantly different (ANCOVA based on ln ρ vs. ln ε, P = 0.58) and the line is for the pooled data. Rates of NH4 +
uptake for the epiphytes were higher than those for seagrass leaves (ANCOVA based on ln ρ vs. ln ε, P<0.01). There was no
significant regression for NO3 - uptake rates for seagrass leaves. Rates of NO3 - uptake for the epiphytes were significantly dependent
on ε. Data includes points (indicated by + and diamonds for seagrass) based on the relationship between ε and bulk velocity (Ub ).

(mg Chl a)-1 s-1 . Unlike the seagrass leaves, uptake rates for epiphytes were dependent on
bottom shear stress (ρ = [4.92 × 10-9 ] τ0.54, 95% CLs on slope = 0.14 and 0.93, r = 0.77,
P<0.05) and energy dissipation rate (ρ = [4.76 × 10-8 ] ε0.30 , 95% CLs on slope = 0.09 and
0.51, r = 0.78, P<0.05). Slopes were in the same range as those expected for uptake rates
that are delivery limited (Hearn et al. 2001).

Effects of epiphyte cover on DIN uptake rates - Rates of ammonium uptake for leaves
without epiphyte cover were on average 90% (range = 86 – 93%) higher than those for
seagrass leaves with epiphyte cover (Fig. 10). The extent of this difference in uptake
rates was directly proportional to the extent of epiphyte cover at the site (~90%). Uptake
rates normalized to bare surface area of the leaf for leaves with and without epiphyte
cover were within the same range (19.6 × 10-8 to 86.8 × 10-8 g NH4 -N m-2 s-1 ) were not
significantly different (ANCOVA based on ln ρ vs. ln ε, P = 0.58) and were proportional
to ε to the 0.25 root (Fig. 12). These data also suggest that uptake rates for the leaves
with cover were not enhanced by the presence of epiphytes. Rates of NH4 + uptake for
epiphytes normalized to the area of the leaf surface covered by the epiphytes were higher
than those for seagrass leaves and ranged between 35.2 and 120.4 × 10-8 g NH4 -N m-2 s-1
(ANCOVA based on ln ρ vs. ln ε, P < 0.001). Like the seagrass leaves, uptake rates fit
the theoretical relationship between uptake rates and ε (Fig. 12).
In all but one case, seagrass leaves without epiphyte cover removed nitrate at a
rate ~36% (range = 0 – 58%) times as high as the rate for seagrass leaves with epiphyte
cover (Fig. 11). This difference between uptake rates was significant based on a paired
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t-test (P<0.001, df = 6). Uptake rates normalized to bare leaf area for leaves with
epiphyte cover were ~ 40% higher than rates for leaves without epiphyte cover (Fig. 12;
paired t-test, P < 0.01, df = 6), which was less than the extent to which epiphytes covered
the surface of the leaves (~ 73%). Uptake rates for epiphytes normalized to the planar
area of the leaf surface that the epiphytes covered were proportional to ε to the 0.25 root
and were higher than uptake rates for the seagrass leaves (Fig. 12).

Discussion
Results indicate that rates of ammonium uptake for T. testudinum leaves were
limited by the rate of delivery to the leaf surface and greatly reduced by epiphyte cover.
Conversely, rates of nitrate uptake were limited by the rate at which the leaves could
process nitrate rather than the delivery rate. These findings quantitatively demonstrate
the potential impact of hydrodynamics and epiphyte cover on rates of DIN uptake for
seagrass leaves and indicate that the importance of these factors in influencing uptake
rates can vary depending on the form of DIN being assimilated.

Effects of water flow on DIN uptake rates - The rate of ammonium uptake by seagrass
leaves with and without epiphyte cover was influenced by the rate at which ammonium
was delivered to the surface of the leaves (Fig. 10). Hydrodynamic characteristics within
and above the seagrass canopy were similar to those described for unidirectional flows in
natural (Koch and Gust 1999) and simulated (Gambi et al. 1990; Nepf and Vivoni 2000)
canopies (Fig. 7 and 8). Further, the correlation between Ub and the relative proportion
of the canopy height represented by the roughness length (Z0 ) revealed that shear
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penetrated deep within the seagrass canopy when velocity was increased (Fig. 9). If rates
of DIN uptake by the seagrass leaves were dependent on the rate of delivery to the
surface of the leaves, then the interactions between the canopy and water flow would be
expected to increase uptake rates due to thinning of diffusive boundary layers at the
uptake surface.
Relationships between rates of NH4 + uptake for the seagrass leaves that form the
canopy (Fig. 10) and hydrodynamic parameters were consistent with those expected for
the benthos as a whole (Hearn et al. 2001). These results provide further evidence that
the response of an individual component of a benthic community to changes in
hydrodynamic regime is consistent with that of the whole community (Cornelisen and
Thomas 2002). Hydrodynamic parameters were based on the logarithmic portion of the
velocity profile in order to test previously derived relationships between parameters
measured from boundary layer conditions and nutrient uptake rates for the benthos (e.g.,
Bilger and Atkinson 1992; Hearn et al. 2001). We recognize that velocity profiles
measured in terrestrial and aquatic canopies may exhibit characteristics of a mixing layer
rather than perturbed boundary layer flow (Ra upach et al. 1996; Ghisalberti and Nepf
2002). Velocity profiles, particularly at low flows, had characteristics similar to those
described in Ghisalberti and Nepf (2002), and it is possible that these data could be
interpreted using the mixing layer analogy. Characteristics of a mixing layer indicate that
penetration of turbulent stress into the canopy was enhanced under high flows (see
Ghisalberti and Nepf 2002). Observations from this study provided similar information
as to the amount of shear and turbulence imposed on the canopy (estimated as τ) and the
depth to which turbulent stress penetrated the canopy (Fig. 9). Several mechanisms
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(e.g., shear, wake, transport) can produce turbulence within plant canopies and as a result
there is not always a balance between turbulence generated by shear and the dissipation
of turbulence (see Raupach et al. 1996; Ghisalberti and Nepf 2002). Despite these
potential inequalities, data were consistent with the relationships outlined by Hearn et al.
(2001). These results suggest that variability in small-scale hydrodynamic characteristics
within the canopy was, in effect, averaged when the estimate of ε incorporates the
roughness length (Zo ). Further research may elucidate how rates of nutrient uptake relate
to parameters of the mixing layer analogy as opposed to those estimated from the
logarithmic region of the velocity profile.
Results from previous studies have demonstrated a similar effect of water flow on
NH4 + uptake by coral assemblages (e.g., Baird and Atkinson 1997; Thomas and Atkinson
1997) and seagrass beds (Thomas et al. 2000; Thomas and Cornelisen 2003). In these
studies, nutrient flux into the benthos is described using a simple equation where total
flux (m) is equal to an uptake rate constant (S) times the concentration gradient of the
nutrient at the uptake surface (m = S (C b - Cw), where Cb is the concentration in the bulk
fluid and C w is the concentration at the uptake surface). Therefore, values of flux (m) are
maximal when the concentration gradient is greatest (C b >> Cw) and are dependent on
hydrodynamic parameters as long as Cb and Cw are not equivalent. The uptake of
ammonium in the present study was dependent on hydrodynamic parameters, thus there
was a concentration gradient at the surface of seagrass leaves during flume experiments.
It is possible that the rates of ammonium uptake were not maximal and that uptake rates
were affected by, rather than controlled by, the rate of delivery because the concentration
gradient was not maximal (Bilger and Atkinson 1995; Sanford and Crawford 2000).
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Regardless, the results demonstrate the importance of hydrodynamics in ammonium
uptake and that the rate of NH4 + uptake by the leaves is directly proportional to the rate of
energy dissipation (Fig. 10).
The effect of water flow on NH4 + uptake has important implications to nutrient
dynamics of seagrasses in their natural setting. For instance, data suggest that the rate of
NH4 + uptake by seagrass leaves would decline during slack-tide and increase during
ebbing and flooding tides and/or periods of high wave energy. Sediment resuspension
and flux of ammonium into the water column also increases during periods of high
currents and waves (Cowan et al. 1996), which would further fuel seagrasses when their
uptake rates are enhanced due to water flow. The effect of water flow on NH4 + uptake by
seagrass leaves is also important to consider when developing nutrient budgets for
seagrasses and the communities they form (Hemminga et al. 1991; Erftemeier and
Middleburg 1995; Lee and Dunton 1999; Hansen et al. 2000). The significant effect of
water flow would presumably influence Michaelis-Menton (M-M) parameters estimated
for T. testudinum leaves (Sanford and Crawford 2000; Smit 2002). Uptake rates
measured at low velocity (U b < 0.05 m s-1 ) for leaves that had epiphytes removed prior to
flume experiments were very similar to those estimated by parameters of the M-M model
(at a concentration of 6 µM) in Lee and Dunton (1999). However, because uptake rates
increased four- fold over a range of Ub commonly observed under field conditions it is
probable that values of Km and Vmax approximated in Lee and Dunton (1999) and similar
studies underestimate the potential uptake under higher flows (Sanford and Crawford
2000; Smit 2002). Conversely, if M-M parameters were calculated under conditions with
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no diffusion limitation, the model could overestimate uptake under field conditions since
flow would vary over a range of velocity.
Rates of NO3 - uptake for seagrass leaves were not dependent on hydrodynamic
parameters (Fig. 11) and were over 10 times lower than those for ammonium. Depressed
uptake of nitrate may have resulted from the lower concentration used in nitrate
experiments (4 µM) versus ammonium experiments (6µM). However, based on the M-M
model from Lee and Dunton, uptake rates for the seagrass leaves would be expected to
decrease by ~ 20% if NO3 - concentration was reduced by 2 µM; a magnitude of change
far lower than the observed difference. Previous studies have demonstrated a higher
uptake affinity for ammonium than nitrate for seagrass leaves (Short and McRoy 1984;
Terrados and Williams 1997; Lee and Dunton 1999), which has been attributed to
physiological demands associated with taking in nitrate (Roth and Pregnall 1988; Turpin
et al. 1991; Touchette and Burkholder 2000). The results provide further evidence that
the form of DIN affects uptake rates and that it also influences the relative impact water
flow will have on uptake.
The fact that uptake rates for nitrate were not influenced by hydrodynamics
suggests that the NO3 - concentration gradient at the surface of the leaves was minimal
(i.e., Cb ≅ Cw). A minimal concentration gradient would occur when the rate at which the
leaves process the nitrate (i.e. enzyme kinetics) is much lower than the rate of nitrate
delivery to the surface of the leaves. At ambient levels of nitrate it is possible that uptake
rates are affected by hydrodynamics (i.e., Cb >> Cw) and that increased water flow
enhances uptake. Application of tracer levels of labeled nutrients in field flumes
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deployed for longer periods of time will provide insight on delivery versus physiolo gical
limitation of nitrate uptake by seagrass leaves.

Effects of epiphyte cover on DIN uptake rates - Epiphyte cover significantly inhibited
uptake by T. testudinum leaves. Previous studies have provided evidence that epiphytes
can reduce phosphate uptake by covering the leaf (Johnstone 1979) and deplete nutrient
concentrations (O 2 ) in the diffusive boundary layer adjacent to the leaf surface (SandJensen et al. 1985). Inhibition of NH4 + uptake was directly proportional to the extent of
epiphyte cover implying that the epiphytes created a barrier between the available NH4 +
and active uptake sites on the leaf surface. Epiphytes may have superior uptake kinetics
that allow them to out-compete seagrasses for water column nutrients (Sand Jensen 1977;
Wallentinus 1984; Sand Jensen et al. 1985; Cornelisen and Thomas 2002). For
ammonium, the rate of delivery rather than physiological characteristics limited the rate
of uptake by epiphytes (Fig. 12). Therefore, the most significant factor benefiting
epiphytes was their placement between the nutrient source and the leaf surface, which
allowed the epiphytes to intercept a greater portion of water column nutrients relative to
the leaves they covered.
Koch (1994) suggested that a moderate amount of epiphytes add roughness to the
surface of seagrass leaves and as a result increase turbulence and thin the diffusive
boundary layer adjacent to the leaves. As indicated by Koch (1994), this effect would be
more pronounced for seagrass leaves that are colonized by rough (i.e., fibrous or
branching) rather than by low-profile (i.e., < 1 mm thick) epiphytes. The presence of
epiphytes did not enhance the rate of ammonium uptake by seagrass leaves, which was
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likely because epiphytes were composed of a thin gelatinous layer of diatoms and bluegreen algae that covered 90% of the leaf surface. A plot of NH4 + uptake rates normalized
to bare area of the leaf demonstrates the close similarity between uptake rates for covered
and uncovered leaves (Fig. 12). Uptake by the epiphytes was slightly enhanced
compared to the seagrass leaves (Fig. 12), which may have resulted from small-scale
effects of roughness on diffusive boundary thickness at the surface of the epiphytes.
As was the case for water flow, the relative impact of epiphytes on uptake rates
depends on the form of DIN being assimilated by the seagrass leaves. Epiphytes reduced
the rate at which the leaves took in nitrate; however, the extent of epiphyte cover was not
consistent with the degree to which uptake rates were reduced. Based on rates
normalized to the proportion of bare area of the leaf, leaves with epiphyte cover had
higher uptake rates than those for leaves without epiphyte cover (Fig. 12). This result
could be interpreted as enhanced uptake rates due to the presence of epiphytes and their
effect on water flow characteristics adjacent to the leaf (Koch 1994). However, uptake
rates were depressed and not dependent on hydrodynamics for both the covered and
uncovered leaves (Fig. 11), which implies that physiological limits of the seagrass plants
minimized the amount of additional NO3 - that could be removed by the leaf following
removal of the epiphytes.
The rate of NO3 - uptake by epiphytes was proportional to ε suggesting that uptake
was affected by the rate of nitrate delivery to the epiphytes. However, uptake rates for
nitrate were significantly depressed (by a factor of 4) relative to those for ammonium.
This difference in uptake rates is far greater than would be expected due to differences in
concentration during the experiments. As a result, uptake rates were dependent on
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hydrodynamic parameters that control rates of delivery, but were depressed because the
concentration gradient was not at a maximum due to physiological limitations. Epiphytes
were therefore in an intermediate range where both physical and biological factors were
influencing uptake rates (Bilger and Atkinson 1995; Sanford and Crawford 2000).
The potential impact of epiphytes on leaf uptake is an important observation since
seagrasses have long been known to utilize both sediment and water column nutrients
(Iizumi and Hattori 1982; Thursby and Harlin 1984; Short and McRoy 1984; Pedersen et
al. 1997; Lee and Dunton 1999). The available database on contributions of leaves
versus roots in meeting seagrass nutrient requirements is largely based on field and lab
experiments that did not incorporate the effects of epiphytes or water flow (Iizumi and
Hattori 1982; Short and McRoy 1984; Pedersen and Borum 1992; Lee and Dunton 1999).
Findings from the current study suggest that uptake rates measured for seagrass leaves
without epiphyte cover were likely overestimated. For instance, what has previously
been considered luxury uptake (beyond the plants requirements) during experiments in
which epiphytes were removed may simply have been enhanced leaf uptake due to
increased availability of uptake sites (e.g., Lee and Dunton 1999). Lee and Dunton
(1999) demonstrated that uptake by leaves and roots contribute equally (~ 50/50) to total
N acquisition by the plant. However, their contributions to total N uptake are based on
laboratory experiments in which the epiphytes were removed from the leaf surface. In a
natural seagrass bed the relative contribution of roots versus leaves to meeting nutrient
requirements may be influenced by the degree of epiphyte cover. For instance, in beds
with dense epiphyte cover, seagrasses may rely more on uptake by the roots than by the
leaves. Similarly, the extent of N conservation within the plant through translocation of
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N from old to young tissues may also vary depending on epiphyte abundance (Pedersen
and Borum 1992).
In addition to acting as a barrier to nutrient uptake, epiphytes can reduce the
amount of light reaching the leaf surface (Sand-Jensen 1977). When light is sufficient
(i.e. above saturation), epiphytes could limit photosynthesis due to inhibition of nutrient
uptake; whereas, when light is below saturation, effects of shading may limit productivity
(Sand Jensen 1977). As suggested by Sand-Jensen, the thickness of the epiphyte cover
influences the amount of light reaching the leaf surface; however, thickness may have
little effect on the extent to which epiphytes act as a barrier to nutrient uptake.
Quantifying the relative contribution of these effects on seagrass productivity is difficult
since seagrass leaves can receive nutrients via translocation from the roots (e.g., Iizumi
and Hattori 1982) or even from the epiphytes (Harlin 1973; McRoy and Goering 1974).
Interpretation of the results is limited to short-term uptake rates and it is possible that
epiphytes eventually released some of the acquired N over time, which was subsequently
removed by seagrass leaves. Furthermore, data on the amount of light attenuated by the
epiphytes was not collected. Experiments of longer duration are necessary to more fully
understand the complex interactions between seagrasses and epiphytes and the effect of
these interactions on seagrass productivity. Nonetheless, the data raise important
considerations that must be addressed to more fully understand the nutrient dynamics of
seagrass communities.
Our study highlights the potential impact of water flow and epiphytes on the rate
of DIN uptake by T. testudinum leaves in the field. The relative impact of these factors
will be largely dependent on the form of DIN being assimilated and the physiological
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state of the seagrass plants. Seagrasses inhabit a physically dynamic environment that
consists of numerous organisms packed closely together that are vying for water-column
nutrients. It is only appropriate then, to study the nutrient dynamics of seagrasses and the
complex communities they form within their natural setting to more accurately describe
nutrient cycling processes occurring within seagrass beds (Hemminga et al. 1991). The
application of labeled nutrients and deployment of field-based flumes affords the
opportunity to study the complex interactions between physics and biology and how these
interactions influence nutrient transport in complex systems.
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CHAPTER FOUR
APPLICATION OF AN ISOTOPE LABEL FOR ISOLATING EFFECTS OF
HYDRODYNAMIC REGIME ON AMMONIUM AND NITRATE UPTAKE BY
MAJOR COMPONENTS OF A SEAGRASS COMMUNITY

Introduction
Seagrass communities inhabit shallow estuarine and nearshore waters that are
physically dynamic and experience rapid fluctuations in salinity, turbidity, water flow,
and temperature. The canopies formed by seagrass plants serve many important
ecological functions in the marine environment, including attenuation of water flow,
which enhances the settlement of particles (Fonseca and Kenworthy 1987; Koch 1999)
and the transport and recruitment of larvae (Eckman 1987). The interaction between
seagrasses and the water column influences nutrient delivery to the community as a
whole (Thomas et al. 2000) and seagrass communities efficiently filter nutrients from the
water column, thereby maintaining water quality for neighboring benthic communities
such as coral reefs (Short and Short 1984).
Much is known about nutrient uptake by seagrass plants and the role of leaves and
roots in nutrient acquisition (e.g. Iizumi and Hatorri 1982; Short and McRoy 1984; Lee
and Dunton 1999). Previous studies have investigated nutrient uptake by epiphytes and
potential interactions between epiphytes and their host plant (Harlin 1973; McRoy and
Goering 1974; Johnstone 1979). In addition, there have been numerous studies on the
uptake kinetics of estuarine phytoplankton (Wheeler et al. 1982) and microphytobenthos
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that inhabit estuarine sediments (Hansen et al. 2000). The existing database, while
informative, does not provide estimates of nutrient uptake rates for these organisms while
they were situated within a natural seagrass community. Furthermore, there is little
information on the role of hydrodynamic regime on nutrient dynamics at both the scale of
individual organisms and the community as a whole.
Enrichment of water-column nutrients promotes increased biomass of
phytoplankton and epiphytes, subsequent light attenuation, and decreased seagrass
productivity (Tomasko and Lapointe 1991; Neckles et al. 1993; Short et al. 1995). This
implies that epiphytes and phytoplankton have a high affinity for nutrient uptake and
capitalize on water column nutrients. Biological and/or physical factors influence the rate
that these organisms, as well as the community as a whole, take in nutrients. For
example, biological factors such as availability of uptake sites or enzymes can control
uptake rates (Button 1991; Galvan et al. 1992). Alternatively, if the community or
organism is able to process a nutrient at a faster rate than it can be delivered to its surface,
uptake rates are controlled by the rate of delivery (Bilger and Atkinson 1992; Sanford and
Crawford 1999). In this case, uptake rates are limited by rates of molecular diffusion
across a concentration gradient (diffusive boundary layer, DBL) at the uptake surface.
Engineers refer to these physically limited rates as being mass-transfer limited.
The concentration gradient that forms the DBL represents the area nearest an
uptake surface (i.e., seagrass leaf) where transport is controlled by diffusion (Vogel
1994). As the gradient in velocity above the benthos becomes steeper (bottom shear
increases) the concentration gradient within the DBL will also grow steeper, thereby
increasing the amount of nutrient reaching the uptake surface. In this case, characteristics
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of the benthic boundary layer (i.e., bottom shear, dissipation of turbulent energy) are
directly correlated to DBL thickness, which in turn is proportional to the rate of nutrient
uptake (see Hearn et al. 2001). For a seagrass bed, it is assumed that analogous
relationships between characteristics of the benthic boundary layer and the DBL will
exist at both the scale of the canopy and the individual components that comprise the
canopy (i.e., seagrass plants).
Hearn et al. (2001) demonstrated through the derivation of mass-transfer
equations that rates of nutrient uptake for coral reef flats were proportional to the rate at
which turbulent energy is dissipated near the benthos (ε). Although ε is largely
dependent on Ub in unidirectional flow, the relationship between energy dissipation rate
and DBL thickness provides a theoretical foundation for linking physical processes to
nutrient transport. This is because the rate at which turbulent energy is dissipated by a
benthic surface (i.e., seagrass canopy) is directly proportional to the thickness of the DBL
(see Hearn et al. 2001 for discussion). If nutrient uptake by the benthos is mass-transfer
limited, then rates of nutrient up take will be proportional to ε 0.25 . Further, because ε is
dependent on water velocity (Ub) and shear stress (τ), similar relationships can be derived
for these hydrodynamic parameters (see Hearn et al. 2001).
The rate at which turbulent energy is dissipated at a benthic surface is largely
dependent on the morphology and arrangement of the roughness elements (Hearn et al.
2001). In seagrass beds, dense stands of seagrass shoots and associated epiphytes
collectively form a rough and flexible surface that strongly influences water flow within
and above the canopy (e.g., Koch and Gust 1999; Nepf and Vivoni 2000). While the
hydrodynamics of seagrass canopies are generally understood, there is little known about
69

the effect of hydrodynamic regime on nutrient uptake by the individual organisms that
inhabit seagrass communities. Seagrass communities are comprised of many types of
organisms that assimilate nutrients from the water column, including the seagrass plants,
epiphytes, phytoplankton, and organisms at the sediment-water interface. These
organisms are very different in terms of physiology, morphology and location relative to
the canopy and as a result, the relationship between nutrient uptake by these organisms
and ε may vary. Components that are attached to the bottom experience shear as water
passes over their surface; therefore, rates of nutrient uptake for organisms such as the
seagrasses and attached epiphytes may be dependent on hydrodynamic regime.
Conversely, uptake rates for small- celled organisms suspended in the water column (i.e.,
picophytoplankton) may not be affected by hydrodynamics since they are moving with
the water. The presence of the seagrass canopy can greatly attenuate water flow at the
sedime nt-water interface (Koch and Gust 1999). As a result, uptake rates for
microphytobenthos may be relatively constant due to a limited range of flow conditions.
In this chapter, I investigated the effects of hydrodynamic regime on uptake of
dissolved inorga nic nitrogen (DIN) by individual components (phytoplankton, epiphytes,
seagrass leaves, and microphytobenthos) while they were situated within a seagrass
community. Different forms of DIN (NH4 + and NO3 -) that vary in physiological
requirements for uptake were used in two separate series of experiments. In order to
isolate nutrient uptake rates for individual components in the seagrass community,
labeled DIN (15 NH4 + or 15 NO3-) was applied in a field flume deployed in natural seagrass
beds. Uptake rates were quantified over a range of water velocity (0.02 - 0.18 m s-1 ) and
an Acoustic Doppler Velocimeter (ADV) was used to collect velocity profiles during
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experiments. Velocity profiles were used to calculate hydrodynamic parameters,
including the rate of turbulent energy dissipation (ε) and bottom shear stress (τ). The
dependence of uptake rates on these hydrodynamic parameters was then evaluated and
compared to what was expected for mass-transfer limited uptake by the benthos (Bilger
and Atkinson 1992; Hearn et al. 2001). Our data was also used to estimate the relative
contributions of individual components to total DIN uptake by the community as a whole
and to evaluate the application of mass-transfer equations for predicting uptake by the
benthos (Hearn et al. 2001).

Methods
Flume deployment - To isolate the effects of water flow on DIN uptake by individual
components of a seagrass community, a spike of

15

N-labeled DIN was added to a field

flume deployed in natural seagrass beds (see Fig. 6). Two separate sets of flume
experiments were conducted, one using ammonium (15 NH4 +) and one using nitrate
(15 NO3 -) as the labeled DIN source. Uptake rates for ammonium were measured between
7 and 14 June 2001 and within a T. testudinum bed located in Pass-A-Grille Channel,
which is approximately 2 km north of Fort Desoto County Park at the southernmost point
of Pinnelas County, Florida (Fig 5). Uptake rates for nitrate were measured between 17
and 22 June 2001 and within the park boundaries approximately 2 km south of Pass-AGrille Channel. Characteristics of these two sites were similar and are provided in Table
2. Flume experiments for estimating uptake rates were conducted between 1000 and
1500 h and within 100 meters of the shoreline in water depth less than the flume height
(0.8 m).
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The field flume enclosed a 3.7 m2 area of the seagrass bed and allowed us to
impose controlled unidirectional flow over the community and measure nutrient uptake
by the seagrass enclosed in the flume (Fig 6; see Thomas et al. 2000; Thomas and
Cornelisen 2003). A unidirectional current was imposed over the seagrass community
using a 12-volt electric trolling motor. The motor was housed in a motor box that was
tapered at the entry and exit and included a series of flow straighteners (composed of
plastic grating used for fluorescent lighting) within the exit section to minimize
turbulence created by the motor (Fig. 6). Uptake rates for NH4 + were determined from a
series of nine flume experiments, each of which was conducted at a velocity randomly
chosen from a predetermined range observed under natural flows in seagrass beds (0.02 0.18 m s-1 ). A total of seven flume experiments over a similar range of velocity (0.03 0.17 m s-1 ) were conducted for measuring rates of NO3 - uptake. The flume was moved to
a new location in the seagrass bed for the measurement of each uptake rate and provide
replication.
After ensuring the flume was sufficiently sealed from the surrounding water, a
spike of DIN, either as 20 mmol/L 98 atom % 15 NH4 Cl for ammonium uptake
experiments or Na15NO3 - for nitrate uptake experiments was added to the flume. The
spike was added slowly (over ~3 minutes) through a tube leading to the motor box and
the trolling motor was used to assist in mixing the water to obtain a uniform beginning
concentration. Ambient water samples were collected prior to each experiment to confirm
the contribution of background nutrients to the total amount of nutrients in the flume. For
the ammonium uptake experiments, the beginning concentration following the addition of
the spike ranged from 5 to 7 µmol/L for NH4 +. For the flume experiments in which
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Ammonium experiments
Mean
S.D.
n

Nitrate experiments
Mean
S.D.
n

Shoot density (No. m-2 )
Leaf density (No. m-2 )
Leaf biomass (g dry wt m-2 )
Canopy height in still water (m)

430
1166
132
0.24

104
212
32
0.03

36
36
9
45

376
1171
127
0.32

119
242
24
0.03

28
28
7
35

Epiphyte biomass (g dry wt m-2 )
-Small (<35µM)
-Large (>35µM)
Epiphyte Chl a (mg Chl a (g dry wt) -1 )

201
10
191
0.84

60
3
57
0.26

9
9
9
27

142
10
131
1.32

44
5
42
0.36

7
7
7
21

0.10
3.4 x 10-4

0.05
7.8 x 10-5

9
9

0.08
3.4 x 10-4

0.02
6.7 x 10-5

7
7

Sediment (g N 0.005 m-3 )**
Sediment Chl a (µg Chl a (g dry wt) -1 )

24
6.8

9
1.9

7
21

18
14.4

7
3.2

7
21

Seagrass
Epiphytes
TSS
Sediments

2.13
0.98
0.37
0.12

0.21
0.13
0.17
0.04

9
9
9
7

1.98
1.46
0.46
0.10

0.13
0.14
0.09
0.04

7
7
7
7

Canopy characteristics
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TSS (g liter-1 )
PON (g N liter-1 )*

% N Content

Table 2. Canopy characteristics at study sites for NH4 + and NO3 - experiments.**0.005m3 represents a m2 planar area by
~0.005 m depth. Canopy height is based on measurements in still water.

nitrate was used as labeled form of DIN the beginning concentration ranged between 4
and 5 µmol/L.
During each flume experiment, several parameters were measured including water
height, temperature, and the deflected height (hd ) of the canopy in flowing water.
Deflected height was based on an average of ten measurements taken manually with a
meter stick while the water was flowing. The height of the canopy in still water (with the
motor turned off) was also recorded.

Measurement of hydrodynamic parameters - A velocity profile was collected during each
flume experiment in order to calculate hydrodynamic parameters, including bulk velocity
(Ub ), bottom shear stress (τ), and the rate of turbulent energy dissipation (ε). Velocity
data for constructing profiles were collected using an acoustic Doppler velocimeter (Field
ADV; YSI/Sontek) that measures velocity in three dimensions: longitudinal along the
main flow (U), transverse (V), and vertical (W). The probe was affixed to a metal rod
that could be moved vertically to position the sensors at a specific height above the
bottom. Profiles were collected in the center of the working section approximately 1.5 m
downstream from the first turn (Fig. 6) and within the area where leaves were collected
for determining uptake rates.
For each velocity profile, data were recorded at 5 Hz for 1 minute (n = 300) at
each of 10 to 12 heights above the sediment-water interface. Heights included ~ 4 - 6
measurements within the canopy and at least 5 above the seagrass up to ~ 10 cm beneath
the surface of the water. Care was taken to ensure that the sampling volume was
sufficiently above the bottom when data were collected near the sediment-water interface
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(Finelli et al. 1999). When data were collected in the canopy, leaves that were directly in
contact with the ADV sensors were trimmed to prevent interference with data collection.
This technique has been shown to have no significant effect on flow measurements taken
in vegetated canopies (Ikeda and Kanazawa, 1996). Signal to noise ratios were well
above the recommended 15 db level and the correlation values for the three sensors
consistently ranged between 85 and 95%.
Bulk velocity (Ub) was estimated as the depth-averaged velocity within each
profile. The vertical gradient of mean velocity in the dominant direction of flow ( U ) was
also used to obtain estimates of shear velocity (U* ) and roughness length (Zo ), which in
turn were used to calculate bottom shear stress (τ) and rates of turbulent energy
dissipation (ε). Shear velocity (U* ) is not a true velocity measurement but rather an
estimate of shear stress and can be converted to τ using the equation τ = ρU* 2 (Denny
1988), where ρ is the density of seawater. The rate of turbulent energy dissipation for a
bottom with roughness length (Zo ) was estimated using the equation ε=(τ/ρ)3/2 /kZo , where
k is the von Karman constant (0.4) (Hearn et al., 2001). The commonly cited KarmanPrandtl equation was used to obtain estimates of shear velocity (U* ):

U = U* /k ln (Z/Zo )

(1)

where U is the mean velocity at a given distance from the bottom and Z is the height
above the sediment-water interface. This method utilized the portion of the profile in
which velocity increased logarithmically with increasing height (Z) above the bottom.
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The roughness length (Zo ) was estimated as the intercept of the velocity vs. ln Z plot (see
Denny, 1988). Confidence limits (95%) on estimates of U* were calculated based on the
number of measurements in the logarithmic portion of the vertical profile and the
regression coefficient (r2 ) and using the expression outlined in Grant et al. (1984).

DIN uptake by individual components - Rates of DIN (NH4 + or NO3 -) uptake were
determined for individual components of the seagrass community, including
phytoplankton, epiphytes attached to seagrass leaves, seagrass leaves, and
microphytobenthos at the sediment-water interface. These components utilize DIN in the
water column and are the major contributors to primary productivity in seagrass
communities (Moncreiff et al. 1992). Samples for each of these components were
collected prior to experiments for determination of ambient isotope ratios and at the end
of each experiment to determine uptake rates based on

15

N accumulation over time.

Previous experiments (Chapter Two) showed that rates based on samples collected at the
beginning and end of the experiment were the same as rates based on samples collected
over the duration of the experiment.
Particulate organic nitrogen (PON) filtered from the water column was used as an
estimate of the phytoplankton fraction. Immediately upon completion of each
experiment, a 1-L sample of water was collected by filling a 1-L bottle (Nalgene) at midwater depth within the flume. The liter of water was filtered through a pre-weighed and
combusted 0.7 µM filter (Whatman) using a hand-pump (Nalgene) and a 2-L filter flask
(Pyrex).
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Following each experiment approximately 20 whole seagrass leaves were quickly
removed from random locations within the flume. Epiphytes (all attached material) were
separated from the leaves by gently scraping the leaves with the edge of a microscope
slide. All the epiphyte material removed from these leaves was pooled to represent the
epiphyte sample. The pooled sample was split into two portions; half designated for 15 N
analysis and half for determining Chlorophyll a concentration. Epiphytes for 15 N
analysis were rinsed with filtered seawater over a 35 µM screen stacked over a 0.7 µM
pre-weighed and combusted filter to partition the epiphytic material into two size classes
(> 35 µM and between 0.7µM and 35µM) and to minimize loss of small cells during
rinsing (Cornelisen and Thomas 2002). Following the filtered seawater rinse, epiphytes
were briefly rinsed with DI water to remove salt (Winning et al. 1999).
The seagrass leaves that had epiphytes removed from their surface were rinsed
and pooled to represent the seagrass sample. Heavily senescent leaves were not retained
for 15 N analysis due to the difficulty in completely removing all epiphytes from the leaf
surface. In addition to the seagrass leaves that had their epiphytes removed, a sample of
leaves with epiphytes in tact were also collected after each experiment and retained for
15

N analysis. In order to assess the potential loss of

15

NH4 + during the separation and

rinsing process, the leaves and epiphytes in these samples were not separated and were
not rinsed.
Samples of sediment at the sediment-water interface were collected to assess the
effects of water velocity on DIN uptake by microphytobenthos. A microscope slide was
used to scrape the top ~ 0.5 cm of sediment from several random locations in the flume
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into a whirl-pak bag. Samples were split, with half designated for 15 N analysis and half
for determining Chlorophyll a concentration.
Following collection, samples of PON and the smaller fraction of epiphytes
collected on 0.7 µM filters were wrapped in precumbusted tinfoil and dried at 60°C for
24 h. Samples of the larger fraction of epiphytes, seagrass leaves with epiphytes
removed, seagrass leaves with epiphytes still attached, and sediments were dried at 60°C
for 24 h, homoge nized to a fine powder with a mortar and pestal, and stored in individual
glass vials.
The portion of epiphytes and sediments designated for Chl a analysis were frozen
(-80°C) until later analysis. Previous work demonstrated that normalizing uptake rates to
Chl a corrects for the presence of heterotrophic organisms within the sample biomass that
do not actively remove ammonium from the water column (Cornelisen and Thomas
2002). Chlorophyll a concentrations (mg Chl a (g dry wt)-1 ) were analyzed using
spectrophotometric methods as outlined in Strickland and Parsons (1968).
All dried samples of PON, epiphytes, seagrass, seagrass with epiphytes, and
sediments were analyzed using an elemental analyzer coupled with an isotope ratio mass
spectrometer (EA-IRMS: elemental analyzer isotope ratio mass spectrometry) for
determination of nitrogen content (% N) and atom % 15 N. Specific uptake rates (V) for
the samples were calculated using the following equation:

V = (das /dt)/(a w-as)
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(2)

where as is the atom % 15 N in the component’s tissue, a w is the atom % 15 N of the
enriched substrate, and t is time (in seconds) (Dugdale and Goering, 1967). The units for
V are g N removed (g N tissue) -1 s-1 , or simply s-1 . The atom % 15 N of the enriched water
(aw) was based on the amount of 98 atom % 15 NH4 + or 15 NO3- added and background DIN
concentrations (assumed to reflect 15 N concentration of atmospheric N ~0.37 atom %
15

N). The numerator (das/dt) was estimated as the difference in atom % 15 N between

ambient samples and samples collected at the end of each experiment divided by the
duration of the experiment (~ 40 to 60 minutes). It is noted that the use of equation (2) in
calculating V assumes that the atom % 15 N of the source pool did not change during the
course of the experiment. Dilution of 15 N in the source pool resulting from inputs of nonlabeled NH4 + (via regeneration, excretion) or NO3 - (via nitrification) into the water
column would expectedly result in underestimated uptake rates (Laws 1984). While this
is a potential source of error, the short duration of these experiments along with the high
concentration and atom % 15 N of the spike likely minimized dilution.
Specific uptake rates (V) were normalized to the nitrogen concentration (% N) of
each component to calculate uptake rates (ρ) in units g N removed (g dry wt)-1 s-1
(Dugdale and Goering 1967). For plankton, V was multiplied by g PON L-1 to calculate
an uptake rate (ρ) in g N removed (liter)-1 s-1 . For epiphytes and sediments, uptake rates
were also normalized to chlorophyll a concentration in the sample to obtain an uptake
rate that was representative of the autotrophic fraction (ρChl = ρ × Chl a-1 in units g N
removed (mg Chl a) -1 s-1 ; Frankovich and Fourqurean 1997; Dickson and Wheeler 1995).
Since the decline in ammonium or nitrate concentration in the water column is
first-order, the rate of 15 N accumulation in the seagrass leave s is assumed to be first79

order. Equation (2) assumes linear uptake and any change in water column concentration
over time will influence the calculation of uptake rates. Therefore, uptake rates (ρ) must
be multiplied by a correction term (α) to compensate for changes in water column
concentration over time. For instance, water column concentration during measurement
of uptake rates at a high velocity was depleted more than during measurements at low
velocity. As a result, ρ would be underestimated if concentration were assumed to remain
constant. The correction term was calculated as the average value of 1/e-kt over the
course of the experiment, where k is the first-order rate of decline in concentration and t
is time (see DIN uptake by the community). Uptake rates corrected for concentration
change (ρ × α) represent uptake rates for the beginning water column concentration (~ 6
µM for NH4 + experiments and ~ 4 µM for NO3 - experiments) and were used to assess the
effects of water flow on DIN uptake by the individual components. Dependence of ρ on
hydrodynamic parameters (Ub, τ, and ε) was evaluated using regression and fitting data to
the expected relationship as outlined by Hearn et al. (2001). Model II regressions
(geometric mean) were used since there was error in estimating both the dependent and
independent variables (Sokal and Rohlf 1995). Correlations between uptake rates and
hydrodynamic parameters were also estimated using the product- moment correlation
coefficient (r).

DIN uptake by the community - Uptake of DIN by the entire community was based on the
rate at which DIN (either as NH4 + or NO3 -) was depleted from the water column.
Methods for water collection are explained in detail in Thomas et al. (2000) and are only
briefly discussed here. Over the duration of each flume experiment, a subme rsed pump
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placed at mid-water height above the seagrass canopy was used to continually pump
water from the flume into 1- L Nalgene bottles. Water was pumped from the flume at a
rate that filled a 1-L bottle over a 5 to 7 minute sampling period. There were seven
sampling periods (seven 1 L bottles filled) over the 40 to 60 minute duration of each
experiment. The duration of experiments was based on previous results that indicate rapid
uptake by seagrass communities (Thomas et al. 2000) and allowed sufficient uptake
without depleting the concentration appreciably. Immediately following each sampling
period, duplicate samples of water were drawn from each of the 1- L bottles with a large
syringe and filtered through an in- line 0.7 µM filter into 30-ml bottles (Nalgene). These
water samples were then placed in a seawater- ice mixture (~0°C) and stored in a freezer
(-80°C) upon return to the laboratory and until samples could be analyzed. Samples were
analyzed with an autoanalyzer to determine concentration (to an accuracy of 0.1 µmol/L)
of ammonium and nitrate. Both nutrients were measured in both series of experiments to
assess any significant contributions of nitrification to the decline in ammonium or nitrate,
respectively.
Decline in nutrient concentration over time in the flume is a first-order
relationship. A first-order rate constant (k) was estimated as the slope of the natural log
of concentration versus time (see Thomas et al. 2000). Each first-order rate constant (k)
was normalized for water volume in the flume (Vo l) and planar surface area of the
benthos enclosed by the flume (A) to estimate an uptake rate constant (S; S = kVol/A). An
estimate of the total N removed over time (in g NH4 +-N or g NO3--N removed s-1 ) was
also calculated from the regression of k vs. time for each experiment.
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Dependence of S on hydrodynamic parameters (Ub, τ, and ε) was evaluated using
the same methods described for individual components. Measured uptake rate constants
(S) for the community were also compared to those expected based on the relationship
between S and the rate of turbulent energy dissipation (ε) (Hearn et al. 2001). Uptake
rate constants were predicted based on estimates of ε and using the following equation
identified by Hearn et al. (2001) as the ε 1/4 law:

S = (1/α) × (D2 ε/v)1/4

(3)

Equation (3) is based on the relationship between S and the thickness of the diffusive
boundary layer (δ), which in turn is dependent on ε (see Hearn et al. 2001). As outlined
by Hearn et al., S is equivalent to the ratio of molecular diffusivity of the nutrient (D) to
the thickness of the diffusive boundary layer (δ). The molecular diffusivity of a nutrient
(D), such as ammonium, is several orders of magnitude lower than diffusivity of
momentum (v) and therefore δ must be placed within the Batchelor length scale
(Batchelor 1959) as δ = α (vD2 /ε)1/4 . A constant (α) is added to the equation in order to
prevent overestimating turbulent mixing (see Lazier and Mann 1989). A value of 3 was
chosen for α since it provided estimates of S that were consistent with those obtained
using empirically derived equations (Bilger and Atkinson 1992). Values of D and v used
for calculating values of S were based on water temperatures during flume experiments
(Table 1) and a salinity of 35 0 /00 (Li and Gregory 1974).
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Contribution of components to total DIN uptake by the community - Uptake rates (ρ)
were multiplied by the total biomass of each component to estimate the amount of NH4 +
or NO3- removed by each component. Biomass of PON in the water column (g PON L-1 )
was based on the concentration of PON and the total volume of water in the flume.
Estimates of shoot density (n=5) and biomass of seagrass leaves and epiphytes (n=1)
were collected using randomly placed quadrats (0.01 m2 ). Leaves and epiphytes within a
quadrat were separated, dried (60°C) and then weighed to determine biomass of these
components in g m2 . Biomass of sediment was based on dried cm3 samples. Uptake rates
(ρ) for seagrass leaves, epiphytes, and sediments were multiplied by their total biomass in
the flume (ρ × g dry wt) to estimate the total amount of NH4 + or NO3 - removed by each
these components over the course of each flume experiment. The contribution of each
component to total uptake by the community was estimated as the total amount of NH4 +
or NO3- removed by each component divided by the total amount removed by the
community as a whole (see DIN uptake by the community).

Results
Vertical profiles of velocity components (U, V, and W) revealed that water flow
in the flume was highly unidirectional (see Fig. 7; Appendices). A comprehensive
characterization of water flow during flume experiments is provided in the appendices.
Depth-averaged velocities (U b) ranged between 0.03 and 0.17 m s-1 and 0.03 and 0.18 m
s-1 for the NH4 + and NO3 - experiments, respectively (Table 3). Fits of velocity data to
Equation (1) were significant for all profiles and revealed that velocity increased
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logarithmically with height above the seagrass canopy. Coefficients of determination (r2 )
for U vs. ln Z plots ranged from 0.92 to 0.99 (mean = 0.95, SD = 0.03; Table 3).
Estimates of shear velocity (U* ) ranged between 0.010 and 0.034 m s-1 (95% CLs range =
± 0.002 to ± 0.011 m s-1 ) during NH4 + uptake experiments and between 0.021 and 0.050
m s-1 (95% CLs range = ± 0.006 to ± 0.017 m s-1 ) during NO3 - uptake experiments.
Bottom shear stress (τ) estimated from U* ranged between 0.09 and 1.20 N m-2 and
between 0.49 and 2.55 N m-2 for the NH4 + and NO3 - experiments, respectively. Estimates
of energy dissipation rate (ε) ranged between 0.02 × 103 and 2.25 × 103 m2 s-3 for the
NH4 + uptake experiments and between 0.15 × 103 and 3.21 × 103 m2 s-3 for the NO3 uptake experiments.

Ammonium uptake by individual components - Labeled ammonium (15 NH4 +) was
recovered in all components, including PON, epiphytes (both large and small fractions),
seagrass leaves, and microphytobenthos. Uptake rates (ρ) based on the rate of

15

N

incorporation and corrected for decline in water-column NH4 + concentration (see
methods) are listed in Table 4. Ammonium uptake rates (ρ) for PON ranged from 0.28 ×
10-8 to 1.55 × 10-8 g NH4 -N (liter)-1 s-1 . Although suspended within the water column,
uptake rates were significantly dependent on hydrodynamic parameters, including bulk
velocity (ρ = [5.99× 10-8 ] Ub0.85 , 95% CLs on slope = 0.59 and 1.10, r = 0.91, P<0.05)
(Fig. 13), bottom shear stress (ρ = [1.30 × 10-8 ] τ0.76, 95% CLs on slope = 0.52 and 0.99, r
= 0.80, P<0.05) and energy dissipation rate (ρ = [12.4 × 10-8 ] ε0.36 , 95% CLs on slope =
0.12 and 0.60, r = 0.88, P<0.05). However, the amount of PON in the water column
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AMMONIUM UPTAKE EXPERIMENTS
Grass he ight
U=U* /k ln (Z/Zo )
(m)
U* (m/s)
Z0 (m)
r2

Exp.

Ub(m/s)

1

0.026

0.20

0.012

0.146

0.94

2

0.136

0.13

0.026

0.039

0.98

3

0.047

0.19

0.013

0.086

0.99

4

0.074

0.17

0.021

0.094

0.92

5

0.172

0.14

0.028

0.027

0.97

6

0.043

0.19

0.010

0.054

0.97

7

0.075

0.20

0.025

0.110

0.99

8

0.031

0.22

0.016

0.171

0.92

9

0.169

0.14

0.034

0.043

0.95

NITRATE UPTAKE EXPERIMENTS
Grass height
U=U* /k ln (Z/Zo )
(m)
U* (m/s)
Z0 (m)
r2

Exp.

Ub(m/s)

1

0.063

0.28

0.039

0.191

0.97

3

0.104

0.24

0.042

0.125

0.95

4

0.055

0.29

0.027

0.146

0.95

5

0.090

0.24

0.043

0.119

0.96

6

0.052

0.27

0.022

0.163

0.98

7

0.154

0.19

0.050

0.095

0.91

Table 3. Values for depth averaged velocity (U b), shear velocity (U* ), and roughness
length (Zo ) calculated using the log-prandtl equation. Also provided are grass heights
measured in the flowing water. Coefficients of determination (r2 ) are for the fit of Ub vs.
ln height plots. Vertical profiles of velocity were not collected during experiment 2 for
NO3 - due to equipment failure. No results are provided if the inclusion of d in the
calculation did not improve the fit to the law of the wall equation.
85

AMMONIUM UPTAKE RATES

Water
height

Community
(S)

Seagrass
(ρ G)
g NH4 -N
g tissue-1 s -1
(×10-8 )

g NH4 -N
g tissue-1 s -1
(×10-8 )

g NH4 -N
mg Chl a -1 s -1
(×10-8 )

g NH4 -N
g tissue-1 s -1
(×10-8 )

Vol

(> 0.35 µm)

Epiphytes
(ρ E and ρ Chl )

Sediments
(ρ S)

PON
(ρ P)

g NH4 -N
mg Chl a -1 s -1
(×10-8 )

g NH4 -N
µg Chl a -1 s -1
(×10-10 )

g NH4 -N
liter--1 s -1
(×10-8 )

(< 0.35 µm)
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Exp

(m)

(l)

m s -1
(×10-5 )

1

0.56

2079

7.5

0.29*

1.87

1.77

1.22

1.16

NA

0.30

2

0.63

2339

28.7

0.44

2.47

4.29

1.75

3.04

NA

1.37

3

0.70

2599

9.8

0.21

0.97

1.64

0.84

1.43

0.26

0.49

4

0.71

2636

19.4

0.16

1.79

1.87

1.96

2.04

0.30

0.65

5

0.65

2413

15.3

0.33

1.65

3.03

2.61

4.79

0.62

0.77

6

0.61

2246

8.4

0.10

1.40

1.26

1.94

1.75

0.23

0.28

7

0.63

2339

13.9

0.24

2.08

2.25

2.08

2.25

0.23

0.41

8

0.61

2265

11.0

0.11

1.27

1.61

2.14

2.71

0.21

0.74

9

0.61

2265

27.1

0.38

4.48

4.32

4.60

4.44

0.23

1.55

Table 4. Ammonium uptake rate constants for the community (S) and uptake rates estimated for individual components (ρ). Uptake
rate constants are first-order rate constants (k) normalized to planar surface area available for uptake (S = kV/A). *The sample of
grass in experiment 1 was determined to be an outlier, most likely due to contamination. Sediment samples were not collected during
experiments 1 and 2. Duration of experiments ranged from 40 to 63 minutes (mean = 47). Mean water temperature during experiments
was 32ºC (± 2ºC).

PON
2.0
Ammonium
-1 -1
8
ρ (g NH4 -N (liter) s ) x 10

Nitrate

1.5

1.0

0.5

0.0
0.00

0.05

0.10

0.15

0.20

0.25

Ub (m s-1 )

Figure 13. The rate of ammonium (solid symbols) and nitrate (open symbols) uptake by
PON versus bulk velocity (Ub ). Ammonium uptake rates were significantly dependent on
bulk velocity (Model II regression; ρ = [5.99× 10-8 ] Ub0.85 , 95% CLs on slope = 0.59 and
1.10, r = 0.91, P<0.05). Although rates of NO3 - uptake also tended to increase as water
velocity increased, there was no significant dependence of NO3 - uptake rates on Ub.
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during NH4 + experiments ranged between 1.7 × 10-4 and 4.4 x 10-4 g N (liter)-1 and was
also dependent on water flow (Fig. 14; mg PON = [0.91]U b0.36 , C.L.s on slope = 0.14 and
0.58, r = 0.83, P < 0.01).
Ammonium uptake rates (ρ) for the large-sized fraction of epiphytes (> 35 µm)
ranged from 0.97 × 10-8 to 4.48 × 10-8 g NH4-N (g tissue)-1 s-1 (Table 4). Uptake rates
normalized to Chl a concentrations (ρChl) ranged between 1.26 × 10-8 and 4.32 × 10-8 g
NH4 -N (mg Chl a)-1 s-1 and were significantly dependent on bulk velocity (ρChl = [1.17 ×
10-7 ] Ub0.62, 95% CLs on slope = 0.43 and 0.81, r = 0.87, P<0.01), bottom shear stress
(ρChl = [3.82 × 10-8 ] τ0.55 , 95% CLs on slope = 0.37 and 0.74, r = 0.87, P<0.01) and
energy dissipation rate (see Fig. 15; ρChl = [2.01 × 10-7 ] ε0.26 , 95% CLs on slope = 0.10
and 0.42, r = 0.91, P<0.001). Rates of ammonium uptake for the small-sized fraction of
epiphytes (< 0.35 µm) were within the same range as the larger epiphyte fraction (paired
t-test, P = 0.58) and were significantly dependent on bulk velocity (ρChl = [1.44 × 10-7 ]
Ub0.67, 95% CLs on slope = 0.47 and 0.88, r = 0.84, P<0.01), bottom shear stress (ρChl =
[4.27 × 10-8 ] τ0.60 , 95% CLs on slope = 0.41 and 0.80, r = 0.86, P<0.01) and energy
dissipation rate (ρChl = [2.58 × 10-7 ] ε0.29, 95% CLs on slope = 0.11 and 0.46, r = 0.88,
P<0.01) (see Fig. 15; Table 4).
Rates of NH4 + uptake for seagrass leaves were approximately 90% lower than
those for epiphytes and ranged from 0.10 × 10-8 to 0.44 × 10-8 g NH4 -N (g dry wt)-1 s-1
(Table 4). One of the calculated rates for these leaves (experiment 1) was determined to
be a highly significant outlier (P < 0.001, Grubbs test; Sokal and Rohlf 1995) and was
removed from data analysis. Based on Model II regressions, rates of NH4 + uptake for the
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0.6

Ammonium experiments
Nitrate experiments
Site in Florida Keys

0.5

mg PON L

-1

0.4
0.3
0.2
0.1
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0.00

0.05

0.10
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Figure 14. The concentration of PON in the water column as a function of bulk velocity
(Ub ) during experiments for measuring ammonium (solid symbols) and nitrate (open
symbols) uptake. The line represents a significant regression for data collected during
NH4 + uptake experiments (statistics). Also shown on the graph are estimates of PON
measured during flume experiments conducted on a shallow seagrass/coral bank in the
Florida Keys. As demonstrated in Chapter 4, the site in the Florida Keys is regularly
exposed to high velocity (range = 0.10 – 0.50 m s-1 ).
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Epiphytes (< 35 µ m)

Epiphytes (> 35 µ m)
5.0

5.0

Ammonium

Nitrate
-1 -1
8
ρ (g NH4 -N (mg Chl a) s )x10
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8
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4.0
y = 18.37x
2

R = 0.80
3.0

2.0
y = 3.42x
2

R = 0.61
1.0

0.0
0.00

Ammonium

4.0

y = 19.76x
2

R = 0.81
3.0
y = 5.86x
2

R = 0.92

2.0

1.0

0.0
0.10
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0.25

2 -3

(m s )
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0.00
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0.20
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Figure 15. The rate of ammonium (solid symbols) and nitrate (open symbols) uptake by epiphytes (ρChl) versus rate of turbulent
energy dissipation (ε) to the 0.25 power. Lines represent a significant (P<0.05) linear fit with an intercept set at 0. The shaded
diamond refers to a value of ε that is based on the regression of ε vs. Ub.

leaves were significantly dependent on bulk velocity (ρ = [1.54 × 10-8 ] Ub0.73, 95% CLs
on slope = 0.56 and 0.91, r = 0.91, P<0.01), bottom shear stress (ρ = [0.41 × 10-8 ] τ0.66 ,
95% CLs on slope = 0.28 and 1.03, r = 0.80, P<0.05) and dissipation rate (ρ = [2.92 ×
10-8 ] ε 0.31 , 95% CLs on slope = 0.17 and 0.45, r = 0.88, P<0.01) (see Fig. 16).
Following each experiment, samples of grass with epiphytes still attached were
retained for analysis. These samples were not rinsed to assess the potential loss of 15 N
due to rinsing of epiphytes. Rates of NH4 + uptake for the seagrass and epiphytes
combined ranged from 1.09× 10-8 to 4.01 × 10-8 g NH4-N (g tissue)-1 s-1 and were within
the same range as uptake rates estimated for the epiphytes alone, which suggests that an
appreciable amount of 15 N was lost when epiphytes were separated from the seagrass
leaves and were rinsed. Uptake rates (ρ) for sediments, determined for seven of the nine
NH4 + experiments ranged from 0.21× 10-10 to 0.62 × 10-10 g NH4 -N (µg Chl a)-1 s-1 (Table
4) and were not dependent on hydrodynamic parameters (Fig. 17).

Ammonium uptake by the community - For all nine NH4 + uptake experiments there was a
significant first-order decline in ammonium concentration in the water column over time
(Table 4). Uptake rate constants (S) calculated from k (see methods) ranged between 7.5
× 10-5 to 28.7 × 10-5 s-1 and were dependent on bulk velocity (Fig. 18; S = [8.76 × 10-4 ]
Ub0.68, 95% CLs on slope = 0.49 and 0.88, r = 0.85, P<0.01), shear stress (S = [2.56 × 104

] τ0.61 , 95% CLs on slope = 0.34 and 0.79, r = 0.88, P<0.01), and energy dissipation (S =

[1.58 × 10-3 ] ε 0.29 , 95% CLs on slope = 0.10 and 0.48, r = 0.87, P<0.01). The total
ammonium removed by the community enclosed by the flume ranged from 0.082 to
91
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Nitrate
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Figure 16. The rate of ammonium (solid symbols) and nitrate (open symbols) uptake by
seagrass leaves versus rate of turbulent energy dissipation (ε) raised to the 0.25 power.
Lines represent a significant (P<0.05) linear fit with an intercept set at 0. The shaded
circle refers to a value of ε that is based on the regression of ε vs. Ub since no profile was
collected during this experiment.
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Sediments

-1 -1

ρ (gN taken up (µ g chl a) s ) x 10

10

0.06

Ammonium
Nitrate

0.04

0.02

0.00
0.00

0.10
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0.30

ε 0 . 2 5 (m2 s -3 )
Figure 17. The rate of ammonium (solid symbols) and nitrate (open symbols) uptake by
sediments (microphytobenthos) versus rate of turbulent energy dissipation (ε) raised to
the 0.25 power. There was no significant relationship between uptake by sediments and
ε. The shaded triangle refers to a value of ε that is based on the regression of ε vs. Ub
since no profile was collected during this experiment.
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Nitrate
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Figure 18. Uptake rate constants (S) for ammonium (solid symbols) and nitrate (open
symbols) versus bulk velocity (Ub). Model II regression results for ammonium were as
follows: (S = [8.76 × 10-4 ] Ub0.68 , 95% CLs on slope = 0.49 and 0.88, r = 0.85, P<0.01).
Values of S for nitrate were less dependent on velocity: (S = [2.67 × 10-4 ] Ub0.40 , 95%
CLs on slope = 0.23 and 0.57, r = 0.93, P<0.01).
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Figure 19. Measured versus expected uptake rate constants (S) for uptake of ammonium (left) and nitrate (right). Measured values
are calculated as the first-order decline in nutrient concentration over time normalized to planar surface area of the benthos and
volume of water in the flume (S = k V/A). Also included are measured values of SB based on uptake by the benthic components only.
The line represents the 1:1 ratio. Data suggests that uptake of ammonium by the benthos is limited by the rate of delivery; whereas,
uptake of nitrate is depressed and limited by the rate at which the benthos could process the nutrient.

0.184 g NH4 -N hr-1 . Predicted values of S based on Equation (2) and estimates of energy
dissipation rate were approximately 50% lower than those that were measured (Fig. 19).

Nitrate uptake by individual components - Labeled nitrate (15 NO3-) was recovered in all
components, including PON, epiphytes (both large and small fractions), seagrass leaves,
and microphytobenthos. Uptake rates (ρ) based on the rate of

15

N incorporation and

corrected for decline in water-column NO3 - concentration (see methods) are listed in
Table 5. Rates of nitrate uptake for the PON in NO3 - experiments ranged between 0.10 ×
10-8 and 0.43 × 10-8 g NO3 -N (liter)-1 s-1 . Although rates tended to increase with increased
water flow, dependence of uptake on hydrodynamic parameters was not significant (Fig.
13). The amount of PON in the water column during NO3 - experiments was within the
same range as NH4 + experiments; however, there was no significant correlation between
PON and bulk velocity (Fig. 14).
Nitrate uptake rates (ρ) for epiphytes ranged from 0.43 × 10-8 to 1.12 × 10-8 g
NO3 -N (g tissue)-1 s-1 (Table 5). Uptake rates normalized to Chl a ranged between 0.37 ×
10-8 to 0.89 × 10-8 g NO3-N (mg Chl a)-1 s-1 . Based on Model II regressions, ρChl was not
significantly dependent on Ub, but was dependent on bottom shear stress (ρChl = [4.92 ×
10-9 ] τ0.54 , 95% CLs on slope = 0.25 and 0.83, r = 0.77, P<0.05) and energy dissipation
rate (ρChl = [4.76 × 10-8 ] ε0.30 , 95% CLs on slope = 0.02 and 0.58, r = 0.78, P<0.05) (see
Fig. 15; Table 5). Epiphytes consisting of small cells (< 0.35 µm) exhibited higher uptake
rates than the larger epiphyte fraction (paired t-test, P<0.01) and had a significant
dependence on hydrodynamic parameters (Fig. 15; Table 6), including bulk velocity
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(ρChl = [3.67 × 10-8 ] Ub0.71 , 95% CLs on slope = 0.54 and 0.88, r = 0.92, P<0.01), bottom
shear stress (ρChl = [8.61 × 10-9 ] τ0.51, 95% CLs on slope = 0.35 and 0.66, r = 0.94,
P<0.01) and energy dissipation rate (ρChl = [7.18 × 10-8 ] ε0.28, 95% CLs on slope = 0.17
and 0.39, r = 0.97, P<0.001).
The rate of nitrate uptake by seagrass leaves ranged between 0.046 × 10-8 and
0.087 × 10-8 g NO3 - -N (g dry wt)-1 s-1 . Uptake of nitrate by seagrass leaves was not
dependent on hydrodynamic parameters (Fig. 16). As was the case during ammonium
uptake experiments, uptake rates for the combined epiphytes and seagrass leaves were
also similar to NO3 - uptake rates estimated for epiphytes alone [range = 0.46 × 10-8 to
1.13 × 10-8 g NO3-N (g tissue)-1 s-1 ], indicating that 15 N was lost when epiphytes were
removed from the seagrass leaves and were rinsed. Uptake rates (ρ) for sediments ranged
from 0.06 × 10-10 to 0.30 × 10-10 g NO3-N (µg Chl a)-1 s-1 (Table 5) and were not
dependent on hydrodynamic parameters (Fig. 17).

Nitrate uptake by the community - Uptake rate constants (S) for nitrate ranged between
7.8 x 10-5 to 12.7 x 10-5 s-1 and were dependent on bulk velocity (Fig. 18; S = [2.67 × 104

] Ub0.40 , 95% CLs on slope = 0.23 and 0.57, r = 0.93, P<0.01), shear stress (S = [9.05 ×

10-5 ] τ0.29 , 95% CLs on slope = 0.07 and 0.50, r = 0.88, P<0.01), and energy dissipation
(S = [3.04 × 10-4 ] ε 0.16 , 95% CLs on slope = 0.02 and 0.34, r = 0.92, P<0.01). During
NO3 - uptake experiments, the community removed a total of 0.029 to 0.067 g NO3 -N hr-1 .
Measured values of S were in the same range as those that were predicted (Fig. 19).
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NITRATE UPTAKE RATES

Water
height

Vol

Community
(S)

Seagrass
(ρ G)

m s -1
(×10-5 )

g NO3 -N
g tissue-1 s -1
(×10-8 )

g NO3 -N
g tissue-1 s -1
(×10-8 )

g NO3 -N
mg Chl a -1 s -1
(×10-8 )

g NO3 -N
g tissue-1 s -1
(×10-8 )

(> 0.35 µm)

Epiphytes
(ρ E and ρ Chl )

Sediments
(ρ S)

PON
(ρ P)

g NO3 -N
mg Chl a -1 s -1
(×10-8 )

g NO3 -N
µg Chl a -1 s -1
(×10-10 )

g NO3 -N
liter--1 s -1
(×10-8 )

(< 0.35 µm)
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Exp

(m)

(l)

1

0.62

2311

9.1

0.046

0.67

0.57

1.05

0.89

0.06

0.19

2

0.46

1698

12.1

0.074

1.12

0.88

1.97

1.53

0.09

0.43

3

0.56

2075

10.1

0.050

0.43

0.43

1.02

1.03

0.29

0.17

4

0.53

1981

7.8

0.079

0.71

0.52

1.14

0.84

0.11

0.16

5

0.44

1650

11.4

0.075

0.83

0.89

1.17

1.25

0.30

0.10

6

0.71

2641

8.5

0.054

0.47

0.37

0.79

0.61

0.15

0.13

7

0.64

2358

12.7

0.087

0.93

0.76

1.65

1.36

0.09

0.26

Table 5. Nitrate uptake rate constants for the community (S) and uptake rates estimated for individual components (ρ). Uptake rate
constants are first-order rate constants (k) normalized to planar surface area available for uptake (S = kV/A). Duration of experiments
ranged from 32 to 44 minutes (mean = 35). Mean water temperature during experiments was 33ºC (± 2ºC).

Dependence of NH4 + uptake rates on hydrodynamic parameters

Ub

τ

ε

Community (S)

0.68
(± 0.20)

0.61
(± 0.18)

0.29
(± 0.19)

Seagrass
leaves

0.73
(± 0.17)

0.66
(± 0.24)

0.31
(± 0.19)

Epiphytes
> 0.35 µm

0.62
(± 0.19)

0.55
(± 0.18)

0.26
(± 0.16)

Epiphytes
< 0.35 µm

0.67
(± 0.21)

0.60
(± 0.19)

0.29
(± 0.18)

Dependence of NO3 - uptake rates on hydrodynamic parameters

Ub

τ

ε

Community (S)

0.40
(± 0.17)

0.29
(± 0.22)

0.16
(± 0.18)

Epiphytes
> 0.35 µm

NS

0.54
(± 0.29)

0.30
(± 0.28)

Epiphytes
< 0.35 µm

0.71
(± 0.17)

0.51
(± 0.15)

0.28
(± 0.11)

Table 6. Dependence of uptake rates for the community (S) and uptake rates for benthic
components (ρ) on hydrodynamic parameters for ammonium (top) and nitrate (bottom).
Bold numbers represent the slopes for a model II regression (geometric mean; Sokal and
Rohlf 1995). All slopes provided are significant (see results for regression statistics)
unless indicated by NS. The expected slopes for the relationship between uptake rates and
hydrodynamic parameters are 0.80, 0.40, and 0.25 for Ub, τ, and ε, respectively (Hearn et
al. 2001). Also shown is the 95% confidence interval for the slope. Data for epiphytes
are based on uptake rates normalized to Chl a concentration. Regressions for rates of
ammonium and nitrate uptake for sediments vs. hydrodynamic parameters were not
significant. Uptake of nitrate by seagrass leaves was also not dependent on water flow.
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Contributions of components to total DIN uptake by the community - Phytoplankton,
represented by PON, contributed to approximately 29.9 % (S.D. = ± 8.7 %) and 24.8 %
(S.D. = ± 14.4 %) of the total ammonium and nitrate removed by the community,
respectively (Fig. 20). Ammonium uptake by the large-sized and small- sized fraction of
epiphytes accounted for approximately 26.4 % (S.D. = ± 9.2 %) and 1.5 % (S.D. = ± 0.6
%) of the total NH4 + removed by the community, respectively. Contributions of
epiphytes to NO3 - uptake were similar to those for NH4 + and were approximately 21.4 %
(S.D. = ± 7.2 %) for the large-sized fraction and 2.4 % (S.D. = ± 0.6 %) for the smallsized fraction. Seagrass leaves, although a dominant feature of the community, only
contributed to about 2.4 % (S.D. = ± 1.2 %) and 1.6 % (S.D. = ± 0.4 %) of the total
uptake of ammonium and nitrate by the community (Fig. 20). Sediment microflora
contributed to approximately 3.5 % (S.D. = ± 2.3 %) and 5.9 % (S.D. = ± 3.0 %) of the
total ammonium and nitrate removed by the community, respectively.
Samples of seagrass leaves with epiphytes attached that were unrinsed accounted
for approximately 51.1 % (S.D. = ± 18.3 %) and 40.8 % (S.D. = ± 8.8 %) of the total
ammonium and nitrate removed by the community, respectively. Therefore,
approximately 20.8 % [ = 51.1 % - (26.4 % + 1.5 % + 2.4 %)] of the total NH4 + estimated
to have been removed from the water column was attributed to NH4 + lost during the
separation and rinsing process. Similarly, an estimated 14.4 % [ = 40.8 % - (21.4 % + 2.4
% + 1.6 %)] was lost while separating and rinsing seagrass and epiphyte samples during
NO3 - uptake experiments.

100

Ammonium

Other sinks
15.5%

PON
29.9%
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rinsing*
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Sediments
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Figure 20. Pie charts showing estimated percent contributions of individual components
to total uptake by the community for ammonium (top) and nitrate (bottom). Data for
epiphytes are for both size classes combined. Also shown is the estimated loss of 15 N due
to rinsing of epiphytes (see text). “Other sinks” represents the portion of 15 N that was not
accounted for by the components collected during experiments.
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Discussion
Deployment of a field flume and application of labeled nutrients (15 NH4 + and
15

NO3 -) enabled the isolation of DIN uptake by individual components situated in natural

seagrass beds. Rates of ammonium uptake for the community as a whole and epiphytes
and seagrass leaves were significant ly dependent on hydrodynamic parameters. Uptake
of NH4 + by PON in the water column was also dependent on water flow; however, this
effect was largely due to flow-dependent resuspension of epiphytes and/or
microphytobenthos. The effect of water flow on rates of nitrate uptake was less
pronounced for the community as a whole and only epiphytes experienced enhancement
of NO3 - uptake rates with increased water velocity. Results demonstrate mass-transfer
limitation of ammonium uptake rates and suggest that uptake rates for nitrate were
largely controlled by physiological factors such as availability of carbohydrates, nitrate
reductase activity, or availability of active uptake sites (see Touchette and Burkholder
2000 for review). Data also indicate that epiphytes are a significant contributor to total
uptake by the community and that high densities of epiphytes may require seagrasses to
rely largely on pore-water DIN. Results also demonstrate that uptake by PON in the
water column can influence the ability to predict uptake rates based on relationships
between hydrodynamic parameters and the transport of nutrients to the benthos.

Ammonium uptake by individual components - Rates of ammonium uptake for all
components, with the exception of microphytobenthos, were dependent on
hydrodynamics. An unexpected outcome from the data was flow-dependent NH4 + uptake
by the PON fraction in the water column (Fig. 14). With the exception of large
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phytoplankton cells, chains and/or filaments, the effect of turbulence and shear on mass
transfer is expected to be minimal (Karp-Boss et al. 1997). The community composition
and size fractions of the phytoplankton were not determined and as a result I am unable to
speculate on the potential effects of shear on nutrient uptake by the PON. However, the
actual amount of PON in the water column was correlated to water velocity suggesting
that the dependence of uptake rates on hydrodynamic parameters for PON was in part due
to the resuspension of microphytobenthos and/or epiphytes. This result has important
implications to the coupling of nutrient cycling and resuspension events in estuarine and
nearshore systems. Ammonium concentrations in the water column can become elevated
during resuspension events (Cowan et al. 1996). A rapid increase in NH4 + uptake rates in
the water column would be expected to accompany elevated concentrations, in part due to
increased concentration, but also the resuspension of organisms into the water column
that in turn remove the ammonium at a higher rate than the benthic components. It is
expected that the effect of resuspension on uptake rates in the water column will be
dependent on several characteristics of the site, including the hydrodynamic regime,
pore-water concentrations, seagrass shoot density, and the composition of the epiphytic
community (Koch 1999). For instance, resuspension of PON and subsequent uptake
would likely be minimal in an area regularly exposed to high wave and/or tide driven
currents (see Fig. 14).
Rates of ammonium uptake for epiphytes and seagrass leaves were significantly
dependent on water velocity (Ub). Uptake rates were also proportional to bottom shear
stress (τ) and rate of energy dissipation (ε) since these parameters are dependent on Ub
(Table 6). Relationships between hydrodynamic parameters and uptake rates for the
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benthos (represented as S) have been derived for transport processes occurring over an
area of the benthos (see Bilger and Atkinson 1992; Hearn et al. 2001). It is assumed that
analogous proportionalities between hydrodynamic parameters and uptake rates for
individual benthic components of the community should also apply if hydrodynamic
processes occurring at the scale of the entire benthic surface are driving uptake by the
organisms comprising the surface. The rate at which seagrasses and epiphytes removed
NH4 + uptake was dependent on hydrodynamic parameters within the range of that
expected from the relationships derived by Hearn et al. (2001) for coral reef flats. This is
an important result since it reveals that hydrodynamic parameters that are dependent on
water velocity and the morphology of the canopy have a similar effect on uptake at both
the scale of the community and the components that form the canopy. Of the three
hydrodynamic parameters, energy dissipation rate (ε) provided the closest fit to the laws
outlined by Hearn et al., which provides evidence of the close relationship between
diffusive boundary layer thickness and the rate of energy dissipation. In addition, the
method used in estimating ε incorporates both a measure of bottom shear stress (U* ) and
roughness length in its calculation and therefore is normalized to bending of the canopy
with increased flow.
Rates of NH4 + uptake for both size classes of epiphytes were similar and equa lly
dependent on hydrodynamic parameters, which provides further evidence that the rate of
NH4 + uptake by epiphytes was limited by the rate of delivery to their surface rather than
physiological differences among epiphytes. Turbulent energy and shear was greatest near
the top of the canopy and decreased as the sediment-water interface was approached (see
Fig. 8; Appendices); therefore, it is likely that uptake rates for epiphytes varied according
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to their location along the leaf surface. An evaluation of the effect of location on uptake
rates cannot be made from these data since all epiphytes covering the entire leaf were
pooled in our analysis. Finer-scale studies utilizing isotope labels and involving vertical
segregation of epiphytes within the seagrass canopy will provide information on the
effects of location on uptake kinetics.
Unlike the seagrass and epiphytes, the rate of NH4 + uptake for microphytobenthos
at the sediment-water interface was not influenced by hydrodynamic parameters (Fig.
17). It is possible that a biological factor was limiting uptake rates, such as availability
of active uptake sites. Another possibility is that the hydrodynamic conditions near the
sediment surface were relatively constant due to attenuation of flow by the canopy (see
Figures 7 and 8; Appendices) and therefore uptake rates were minimally affected by
changes in hydrodynamic regime.

Ammonium uptake by the community - Uptake rate constants (S) for ammonium were
within the same range as those measured in a previous study conducted in Thalassia
testudinum beds (Thomas et al. 2000). The rate at which the community removed
ammonium was also significantly dependent on hydrodynamic parameters. Studies on
the effects of water velocity on mass transfer of nutrients to benthic communities have
focused on the relationship between Ub and S (e.g., Bilger and Atkinson 1992; Thomas
and Atkinson 1997; Thomas et al. 2000). In theory, the best correlate to nutrient uptake
rates should be ε since diffusive boundary layer thickness can be correlated to the rate at
which turbulent energy is broken down into smaller scales (Richardson cascade) and
dissipated as heat (Richardson 1922; Kolmogorov 1962; Hearn et al. 2001). The
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calculation of ε incorporates both bottom shear stress (τ) and an empirical measure of the
roughness of the benthos (Z0 ). Seagrass canopies bend with increased flow thereby
reducing the roughness and associated friction imposed by the bottom on the water
column (Thomas et al. 2000). Thus ε is dependent on bending of the canopy and
accounts for this change in morphology with increased flow. The relationship between S
and ε (Table 6) is consistent with the relationships derived in Hearn et al. (2001) and
provides strong evidence that rates of ammonium uptake for the seagrass communities
used in our study were controlled by the rate at which ammonium was delivered to
uptake surfaces.
If rates of ammonium uptake for the benthos were mass-transfer limited than the
measured values of S based on a first-order decline in nutrient concentrations over time
should be in close agreement with those predicted from equation (2). However,
measured values of S were nearly twice as high as those that were predicted (Fig. 19).
The equations derived by Hearn et al. (2001) relate hydrodynamic parameters to transport
processes occurring at the benthic surface (i.e., the seagrass canopy) and do not account
for removal of a nutrient by organisms suspended within the moving fluid. During flume
experiments there was flow-dependent resuspension of epiphytes and/or
microphytobenthos that removed a significant portion (~ 30 %) of the total NH4 + from the
water column (Fig. 20). If measured values of S are calculated based on the proportion of
nutrients removed by benthic components only, then estimates are in closer agreement
(Fig. 19). This result suggests that rates of NH4 + uptake for the benthos were in fact
mass-transfer limited for the seagrass bed used in this study and that uptake by suspended
organisms in the water column resulted in enhanced uptake relative to that expected for
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the benthos alone. Results also emphasize the importance of considering uptake in the
water column when applying mass-transfer equations and models to field situations.

Nitrate uptake by individual components - With the exception of epiphytes, water flow
had no effect on uptake rates for components of the seagrass community. In addition, the
rate at which all components removed nitrate was depressed relative to uptake rates for
ammonium (Figures 13-17). Separate study sites were used for the two datasets;
therefore, comparisons between NO3 - uptake rates and NH4 + uptake rates are limited
since sites may have varied in terms of nutrient history or physiological aspects of the
organisms within the community. Differences in results among the datasets could also be
a consequence of the lower beginning nutrient concentration used in measuring rates of
NO3 - uptake (~ 4 µM) versus NH4 + uptake (~ 6 µM). Michaelis-Menten models from
previous studies conducted on uptake kinetics in seagrasses suggest a 20% decrease in
uptake rates with a decline in concentration from 6 to 4 µM (Lee and Dunton 1999). A
similar decrease (~ 30%) in the total amount of a nutrient removed by the entire seagrass
community can be approximated from the uptake rate constant (S). However, NO3 uptake rates for the components were up to four times lower than those for ammonium,
which suggests that some biological factor was limiting the rate at which nitrate could be
processed by the organisms within the community.
The absence of an effect of increased water flow on uptake rates for the seagrass
leaves also suggests that rates of NO3 - uptake for the seagrasses were limited by a
biological factor such as availability of carbohydrates and/or speed of enzyme reactions
(Touchette and Burkholder 2000). Previous studies conducted on uptake kinetics in
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seagrasses have demonstrated preferential uptake of ammonium (Short and McRoy 1984;
Terrados and Williams 1997; Lee and Dunton 1999), which has been attributed to the
physiological demands associated with assimilating nitrate. Ambient nitrate
concentrations at our study site were low (~ 0.10 µM), so it is likely that components in
the seagrass community lacked the enzymes to assimilate the nitrate within the short time
period they were exposed to the elevated concentration in the flume. Future experiments
involving trace levels of

15

NO3 - will assist in determining the relative role of

hydrodynamics in uptake kinetics of nitrate at ambient concentrations.

Nitrate uptake by the community - Uptake rate constants (S) for nitrate were weakly
dependent on hydrodynamic parameters (Table 6). The depressed relationship between S
and hydrodynamic parameters may have resulted from a reduction in friction imposed on
the water column as the canopy bends with increased water flow, as was demonstrated in
Thomas et al. (2000). Close agreement between measured and predicted values of S also
suggests that rates of nitrate uptake by the community were in fact controlled by the rate
of delivery (Fig. 19). However, PON represented a significant portion of the total uptake
by the community (Fig. 20). Values of S based on uptake by the benthic components
were depressed relative to what would be expected according to the relationship between
S and rates of energy dissipation (Hearn et al. 2001). Thus the rate of nitrate uptake by
the community was affected by water flow, but was probably depressed due to
physiological limitations of organisms within the community. Despite the elevated
concentration and apparent physiological limitation of uptake rates, there was still a
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~ 60% increase in the uptake rate constant (S) over the range of water velocity.
Therefore, hydrodynamics influenced rates of NO3 - uptake in these seagrass beds.
It is clear from the results that nutrient uptake by PON in the water column has
important implications for the application of mass-transfer models to field situations.
The extent of the effect of phytoplankton uptake will depend on the physical environment
and characteristics of the epiphyte and plankton communities. For instance, there were
low amounts of PON in the water column for flume experiments conducted in St. Joseph
Bay (Thomas et al., unpubl. data) and from sites in the Florida Keys (Fig. 14). Lower
uptake in the water column during these other studies resulted in measured values of S
based the whole community that were in close agreement with those predicted using
mass-transfer equations. However, if these same equations are used to predict uptake by
the benthos in an area with dense populations of phytoplankton or in areas that are
susceptible to resuspension, then predicted values will greatly underestimate the total
assimilation occurring in the community. The results identify a need to incorporate
uptake by phytoplankton within mass-transfer models before they can be appropriately
applied to field situations.

Contributions of components to DIN uptake by the community - Epiphytes and PON were
the dominant sinks for both ammonium and nitrate (Fig. 20). The contribution of
epiphytes to total NH4 + and NO3 - uptake was probably larger than the estimated amount
since there appears to have been considerable loss of 15 N during the rinsing process,
which was demonstrated by the higher amount of

15

N recovered in the combined seagrass

and epiphyte samples that were not rinsed. If the difference between rinsed and unrinsed
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samples is assumed to be equivalent to the amount lost during processing of samples,
then the contribution of epiphytes to total nutrient uptake was much higher and on the
order of 49% and 39% for ammonium and nitrate, respectively. It is possible that some
of the nutrients had adsorbed to the surface of the epiphytes or gelatinous secretions of
the diatoms but was not assimilated, and as a result was rinsed away. In addition, 15 N
may have been lost when small cells (i.e., cyanobacteria) passed through the filters or
were lysed when rinsed with distilled water.
Despite potential errors in estimating contributions, our data provide evidence that
epiphytes and phytoplankton are the primary components removing nutrients from the
water column. These results are consistent with studies that have demonstrated increased
phytoplankton and epiphyte growth with elevated water column nutrients (e.g., Tomasko
and Lapointe 1991; Neckles et al. 1993; Neundorfer and Kemp 1993; Short et al. 1995;
Taylor et al. 1995). Seagrass leaves contributed to only 2 % of the total ammonium and
nitrate removed from the water column, which suggests that epiphytes and phytoplankton
out-competed the seagrass for water-column nutrients. However, it is important to
consider that epiphytes and phytoplankton rely on nutrient pools in the water-column
whereas seagrass plants can utilize both water-column and pore-water nutrients (e.g.,
Iizumi and Hatorri 1982; Lee and Dunton 1999). It is not surprising that phytoplankton
and epiphytes contributed the most to uptake from the water column since they are in an
opportunistic location for maximizing nutrient concentrations adjacent to their surface.
Furthermore, epiphytes were the most dominant component in terms of total biomass and
their location on the top of seagrass leaves exposed the epiphytes to higher effective
concentrations than are experienced by the leaves beneath. In Chapter Three, epiphytes
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covering seagrass leaves were shown to inhibit NH4 + and NO3 - uptake by up to 90% and
73%, respectively. Therefore, the low contribution of seagrass leaves to total uptake by
the community was largely due to epiphyte cover.
A mass-balance of the 15 N removed during experiments cannot be completed
based on my data and I am unable to account for approximately 15% of the ammonium
and 28% of the nitrate removed from the water column. A portion of this DIN may have
been lost during filtering and rinsing of PON samples, a common artifact identified in
previous studies (see Laws 1984). Short-shoots at the base of seagrass plants were not
included in the analysis and may have accounted for some uptake, especially since they
were covered with epiphytic organisms. Uptake rates for individual compone nts may
have been underestimated if the atom % 15 N in the water column declined appreciably
during experiments. Inputs of non- labeled NH4 + through regeneration or release from the
sediments and inputs of non-labeled NO3 - via nitrification would reduce the atom % 15 N
concentration of 15 N during experiments. This in turn would cause uptake rates for the
components to be underestimated. However, it is likely that at the high concentration and
atom % 15 N used in our experiments minimized dilution. Field flume experiments
conducted without a nutrient spike have demonstrated that ammonium and nitrate
concentrations in the water column do not increase over the course of an experiment
(Thomas, unpublished data). The amount of NO3 - unaccounted for was nearly twice as
high as the amount for NH4 +. This may indicate that a major sink for the NO3 - were
small-sized cells that were lost during rinsing or perhaps there were high rates of
denitrification in the upper layers of the sediments or within the epiphyte assemb lage
(Kaspar 1983). Rates of denitrification have been shown to increase with enhanced
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enrichment of NO3 - despite the presence of O2 (Kana et al. 1998). Future analysis of
water samples collected during experiments will reveal whether changes in atom % 15 N
in the water occurred and provide further insight on unexplained sinks of DIN.

Conclusions - The deployment of a field flume and application of isotope labels in natural
seagrass beds allowed for the isolation of the effects of hydrodynamics on rates of
ammonium and nitrate uptake for the major photosynthetic components of a seagrass
community. Results demonstrated that hydrodynamic regime plays an important role in
the delivery and uptake of DIN in seagrass communities and that the relative importance
of hydrodynamics can vary depending on the form of DIN being assimilated. Seagrass
communities exist in physically dynamic environments that are exposed to a range of
hydrodynamic conditions. With increasing human pressures along the coast, adverse
effects of nutrient loading on seagrass distribution and abundance are a serious concern.
The data presented here demonstrate the important role of hydrodynamics in influencing
rates of uptake for two important forms of nitrogen. The interactions between biological
and physical processes in seagrass communities and the effects of these interactions on
nutrient cycling processes must be studied in order to determine the fate of nutrients
derived from anthropogenic sources. Furthermore, in order to develop appropriate
models that can be used for estimating assimilative capacities of the benthos data on
hydrodynamic regime must be incorporated along with the effects of uptake by
phytoplankton in the water column. Future research involving application of isotope
labels in field-based studies will provide further insight into the mechanisms controlling
nutrient transport in near-shore and estuarine systems.
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CHAPTER FIVE
HYDRODYNAMIC CHARACTERIZATION OF A CARBONATE BANK IN
FLORIDA BAY: IMPLICATIONS FOR NUTRIENT UPTAKE BY THE BENTHOS

Introduction
The intensity and distribution of turbulent energy and stresses near the benthos is
largely dependent on mean velocity and roughness of the bottom (Dade et al. 2001).
Physically formed structures (i.e., sand ripples and mounds) and biological roughness
elements such as seagrasses and corals contribute to bottom roughness. The interaction
between water flow and the benthos plays an important role in ecological processes,
including sediment and larval transport (Eckman et al. 1981), photosynthesis (Koch
1994; Fonseca and Kenworthy 1987), respiration (Patterson et al. 1992) and nutrient
uptake (e.g., Bilger and Atkinson 1992; Thomas and Atkinson 1997; Thomas et al. 2000).
There is an extensive database on the effects of water flow and bottom roughness
on the exchange of chemicals between benthic surfaces and the water column (e.g.,
Boudreau and Scott 1978; Riber and Wetzel 1987; Jorgensen and Des Marais 1990).
Over the past decade, a significant portion of this literature has investigated the effects of
water flow on rates of nutrient uptake for coral assemblages (e.g., Bilger and Atkinson
1992; Bilger and Atkinson 1995; Baird and Atkinson 1997; Thomas and Atkinson 1997;
Atkinson et al. 2001) and seagrass beds (Thomas et al. 2000; Thomas and Cornelisen,
2003). These studies demonstrated that rates of nutrient uptake for these communities
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were limited by the rate at which the nutrient was delivered to the uptake surface. The
rate of delivery, and therefore uptake, was in turn controlled by physical factors including
water flow and the roughness of the benthos.
Coral reefs and seagrass beds are composed of a diverse assemblage of organisms
that utilize nutrients from the water column for metabolic processes. The rate at which
the benthos removes a nutrient from the water column may be limited by the rate at
which it can process the nutrient or by the rate of nutrient delivery to the benthic surface
or a combination of both physiological and physical factors (e.g., Bilger and Atkinson
1992; Bilger and Atkinson 1995; Sanford and Crawford 2000). The flux (m) of a nutrient
can be described using the commonly cited equation:

m = β (C b - Cw)

where β is the mass-transfer coefficient, and (C b - Cw) represents the gradient between the
concentration in the water column (C b) and concentration at the benthic surface (C w)
(Bilger and Atkinson 1992; Dade 1993). If the delivery rate exceeds the rate at which the
benthic surface processes the nutrient then the concentration gradient will be minimal (C b
≅ Cw). In this case biological factors such as enzyme kinetics or availability of active
uptake sites are limiting uptake and β will remain relatively constant (Bilger and
Atkinson 1995; Sanford and Crawford 2000). Conversely, if the rate of processing
exceeds the rate of nutrient delivery (C b >> Cw), then physical factors that affect the rate
of mass-transfer (β) will in turn influence the flux into the benthos. Uptake by the
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benthos can also be in a transitional phase with both physical and biological factors
influencing uptake rates (Bilger and Atkinson 1995; Sanford and Crawford 2000).
In the studies conducted on nutrient uptake by coral assemblages and seagrass
beds the mass-transfer coefficient (β) was influenced by physical factors including water
velocity and bottom roughness (e.g., Baird and Atkinson 1997; Thomas and Atkinson
1997; Thomas et al. 2000). In these studies β was expressed as an uptake rate constant (S)
and was calculated as the first-order decline in water column concentration over time
normalized to water volume and square area of the benthos. Uptake rate constants were
measured in flume experiments and then compared to values predicted using empirically
derived equations originally intended for modeling heat and mass transfer in pipes
(Dipprey and Sabersky 1963; Bilger and Atkinson 1992; Kays and Crawford 1993).
Application of these models involves the prediction of a Stanton number, which
represents the ratio of flux to advection over the benthic surface (S/U b, where Ub is the
bulk velocity) (Bilger and Atkiinson 1992; Atkinson and Bilger 1992; Baird and
Atkinson 1997; Thomas and Atkinson 1997; Larned and Atkinson 1997; Thomas et al.
2000). While these studies have been instrumental in describing the processes that
control nutrient transport in benthic communities, they are largely based on bulk flow
measurements and models intended for non-biological roughness elements that are much
smaller in scale (i.e., roughness of sand grains) than the roughness elements in coral and
seagrass communities.
Hearn et al. (2001) derived equations for estimating S based on the rate at which
turbulent energy is dissipated near the benthos (ε). If the rate of nutrient uptake for a
square area of the benthic surface is limited by the rate of delivery to the area, then S will
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be dependent on diffusive boundary layer thickness and therefore proportional to ε (S ≈
ε0.25; Hearn et al. 2001). Further, if the production and dissipation of turbulence in the
system is balanced then S will also be proportional to bottom shear stress (S ≈
τ0.40 ; Hearn et al. 2001). The relationships derived by Hearn et al. (2001) provide a
means to predict rates of nutrient uptake by natural benthic communities and directly link
uptake to hydrodynamic parameters that can be measured in situ. While descriptive
studies on the effect of biological roughness elements on hydrodynamics have been
conducted (Koch and Gust 1999; Ackerman and Okubo 1993; Shashar et al. 1996; SandJensen and Mebus 1996), few studies have quantitatively linked the consequence of these
effects on ecological processes such as rates of nutrient removal by the benthos.
In this study, a series of velocity profiles are collected over a shallow community
composed of a patchy matrix of seagrasses, non-reef building corals, sponges, and
macroalgae. Data from the velocity profiles are used to describe the structure of natural
tide-driven flow over the benthos and estimate hydrodynamic parameters including bulk
velocity (U b), bottom shear stress (τ), and rate of energy dissipation (ε). The benthic
community is located in Long Key Channel (Fig. 21), which represents a major corridor
for water exchange between the Western portion of Florida Bay and the Reef Track. The
area is exposed to large range of velocity (0.10 and 0.50 m s-1 ) and a significant portion
of the water from the everglades flows in a southeast direction and exists the bay through
Long Key Channel (Wang 1998). As water from Florida Bay passes through it becomes
increasingly depleted in nutrients as the benthos removes water column nutrients
(Lapointe and Clark 1992). Thus the site provides an ideal location for studying the
interaction between the benthos and water flow and the potential impact of
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Figure 21. Regional (A) and close-up (B) map showing location of study site. Arrows
indicate the dominant directional of water flow. Data were collected at the five locations
indicated on Old Sweat Bank. Water depths on the bank were approximately 1 meter or
less, with deeper areas within the tide channels.
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hydrodynamics on nutrient transport. Using estimates of hydrodynamic parameters and
equations derived by Hearn et al. (2001), a series of uptake rate constants (S) are
predicted for ammonium and phosphate. Based on ambient nutrient concentrations, an
estimate of flux (m) to the benthos is then predicted over a time interval. Many research
programs have focused on understanding the factors controlling nutrient cycling
processes within Florida Bay and throughout the Keys in an effort to improve water
quality and the health of the Florida reef track and associated habitats (LaPointe and
Clark 1992; Hall et al. 1999). The research presented here aims to contribute to this
knowledge base by quantitatively describing the interaction between the benthos and
water flow and how this interaction can potentially influence nutrient uptake by the
benthos.

Methods
Study Site - The study site was Old Sweat Bank, which is located in Long Key Channel
on the Florida Bay side of the Keys, approximately 2 km northwest of US Highway 1
(Fig. 21). Benthic communities in the waters surrounding the Florida Keys include coral
reefs, seagrass beds, hardbottom, and areas of bare sediment. Seagrass beds are most
dominant and comprise ~ 70% of the area within the Florida Keys National Marine
Sanctuary (FMRI 1998). A portion of this habitat includes shallow (~1 m depth)
carbonate banks, such as the study site, that are composed of seagrasses (primarily
Thalassia testudinum and Syringodium filiforme) intermittently mixed with hardbottom
organisms, including ahermatypic corals (i.e., Porites sp.), calcareous algae (i.e.,
Halimeda sp.), and sponges (i.e., Chondrilla sp.). The study site is exposed to semi118

diurnal tides that link Western Florida Bay and the Atlantic Ocean. Data were collected at
five locations on Old Sweat Bank that were ~100 m apart from one another in order to
better characterize the community as a whole and to assess any potential effects of
“patchiness” of organisms and local topography on hydrodynamics (Fig. 21). Data were
collected at sites one through four between 11 and 15 September 2000 and at site five on
14 December 2001.

Community composition - In order to describe the dominant benthic organisms
contributing to bottom roughness, between 6 and 12 quadrats (0.25 m2 ) were collected at
each of the five locations on Old Sweat Bank (Fig. 21). Quadrats were randomly placed
within a 3- m radius of the site where hydrodynamic data were collected. The total
number of seagrass shoots, macroalgae, coral colonies, and sponges were recorded for
each quadrat. Macroalgae, corals, and sponges were identified to the genus level. In
addition to identifying the dominant benthic organisms, a visual estimate of bare
sedime nt (as % area not colonized) was made for each quadrat.
During collection of hydrodynamic data, approximately 12 estimates of grass
height (actual height and deflected height (hd) in flowing water) were made using a meter
stick. Heights of other roughness elements (i.e. corals, algae, sponges) were only
collected on the final field day and it is assumed that the height of these roughness
elements were relatively constant over the bank. A topographic, non-dimensional index
(measured as relief using a cha in) has also been shown to correlate with bottom friction
(Thomas and Atkinson 1997). Six to 10 topographic indices at each site were estimated
as the ratio of the overall length of the chain (2.5 m; link size ~ 0.05 cm) to the length of
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the chain conformed to the benthos (not including the grass). A larger index indicates a
greater amount of vertical relief.

Hydrodynamic characterization - Velocity data were collected using an acoustic Doppler
velocimeter (Field ADV, YSI/Sontek) that measures the velocity of particles in three
dimensions: longitudinal along the main flow (U), transverse (V), and vertical (W). The
acoustic transmitting sensor was mounted to the probe housing on a flexible cable that
enabled the sensor to be faced down toward the bottom or up toward the surface of the
water. The sensor was affixed to a movable arm that extended ~ 0.4 m from a vertical
pole attached to a flat weighted base, which allowed the sensor to be fixed at various
heights above the bottom and prevented any movement of the probe during
measurements. All measurements, with the exception of some high measurements (> 50
cm from the bottom), were made with the sensor down- looking and with the X-axis (U)
sensing element aligned parallel to the main flow.
A series of velocity profiles (n = 3 to 7) were collected at each of the five
locations (Fig. 21) in order to assess the effects of the benthos on water flow
characteristics near the bed (Nikora et al. 1998). Data from the logarithmic portion of the
profiles were used to obtain estimates of hydrodynamic parameters that describe the
structure of the boundary layer. For each profile, velocity data were recorded at 10 Hz
for 1 minute (n = 600) at each of 9 to 12 heights above the sediment water interface. In
order to characterize the effects of the roughness elements on water flow characteristics,
heights were closely spaced near the benthos and more widely spaced with increasing
distance from the bottom. Heights included ~ 5 measurements beneath the height of the
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seagrass and ~ 5 above the seagrass up to a maximum of 70 cm above the bottom. When
measurements were taken beneath the height of the grass, leaves that were directly in
contact with the ADV sensors were trimmed to prevent interference with data collection.
The removal of a small number of leaves has been shown to have no significant effect on
flow measurements taken in vegetative canopies (Ikeda and Kanazawa 1996). The
duration of data collection for each file was relatively short (~ 1 min), and the order in
which heights were used was randomized to minimize the effects of changing flow
intensity during the tide cycle. Replicate measurements of velocity were collected at the
beginning and end of the profile at the tallest height above the bottom in order to assess
whether the tidal flow changed appreciably during data collection. Profiles were
collected during various stages of flooding or ebbing tides.
Velocity data were used to calculate hydrodynamic parameters that describe the
structure of flow over the benthos, including mean velocity for each of the components
( U , V , and W ), total turbulent energy (K=0.5[ U 'U ' + V 'V ' + W 'W ' ]), relative
turbulence intens ity, calculated as

r
r
K / U , where U is the total mean velocity ( U + V

+ W ), and Reynolds stress (- U 'W ' ) (Denny 1988; Nikora et al. 1998; Dade et al. 2001).
The commonly cited Karman-Prandtl equation was used to obtain estimates of shear
velocity (U* ) and roughness length (Zo ):

U = U* /k ln (Z/Zo )
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(1)

Where, U is the mean velocity at a given distance (Z) from the bottom and k is the von
Karman constant (k = 0.4). This method utilizes the portion of the profile in which
velocity increases logarithmically with increasing height above the bottom. The
roughness length (Zo ) was estimated as the intercept of the velocity vs. ln Z plot and is a
measure of the roughness imposed by the benthos on the flowing water. For each profile
an estimate of depth-averaged velocity (Ub ) was calculated as the velocity at the average
height within the logarithmic layer of the velocity gradient. Equation (1) can be
modified to include an estimate of the displacement height (d):

U = U* /k ln (Z-d/Zo )

(2)

The displacement height (d) represents the height above the bottom that the logarithmic
profile extrapolates to zero velocity due to the presence of the roughness elements
(Denny 1988). The inclusion of d provided little improvement in the fit of U against ln Z
and therefore was assumed to be negligible. Similar results have been noted in studies on
terrestrial canopies and it has been demonstrated that better estimates of U* can be made
by assuming d to be a constant such as zero (e.g. Dong et al. 2001). For this study,
estimates of U* were made using Equation (1) and assuming d=0, which results in
estimates of roughness length (Z0 ) equivalent to Z0 +d. Only those profiles that fit the
equation with an r2 > 0.90 were retained for estimating U* . Confidence limits (95%) on
estimates of U* were calculated based on the number of measurements in the vertical
profile and the regression coefficient (r2 ) using the following expression:
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U* (1-e) ≤ U* ≤ U* (1+e), where e is calculated as

(3)

e = (tα/2,n-2 )[1/n-2(1-r2 /r2 )]0.5

where t is the Student’s t distribution with n-2 degrees of freedom for a confidence
interval of (1-α), n is the number of vertical heights within the logarithmic layer that data
was collected, and r2 is the coefficient of determination from the ln height vs. velocity
regression (Grant et al. 1984).
Estimates of friction coefficient (cf) for each vertical profile were estimated using
the equation cf = 2(U* 2 /Ub2 ). The friction coefficient represents the drag imposed by the
benthos on the overlying water and is influenced by the roughness of the bottom and
water depth as well as the ratio of the two. Values of cf were estimated for the
community in order to compare the drag imposed by the benthos on the bank to that
measured for other communities including seagrass beds (Thomas et al. 2000) and coral
assemblages (Thomas and Atkinson 1997).
Although U* has the same units as velocity (m s-1 ), it is a measure of shear stress
(τ) at the benthic surface (τ = U* 2 /ρ). The rate of turbulent energy dissipation (ε in units
m2 s-3 ) for a bottom with roughness length (Zo ) incorporates this measure of stress at the
bottom in the following equation:

ε = (τ/ρ)3/2 /kZo

(4)

Where k is von Karman’s constant (0.4) and ρ is the density of seawater. This value of ε
represents the rate of energy dissipation within the region near the benthos. Essentially, ε
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is the rate at which larger turbulent eddies are broken down into smaller and sma ller
eddies until energy is given off as heat (referred to as the Richardson cascade; see Hearn
et al. 2001).

Estimating nutrient uptake - If the rate at which the benthos removes a nutrient from the
water column exceeds the rate of delivery to the uptake surface, then S will be dependent
on the molecular diffusivity of the nutrient (D) and the thickness of the diffusive
boundary layer (δ) (S = D/δ). The molecular diffusivity of a nutrient, such as ammonium
and phosphate, is several orders of magnitude lower than the diffusivity of momentum (v)
and therefore δ must be placed within the Batchelor length scale as δ = α (vD2 /ε)1/4 ,
where α represents a constant that prevents overestimating turbulent mixing, and
therefore S, at such small scales (see Lazier and Mann 1989; Hearn et al. 2001). A value
of 3 for α was chosen since it provided estimates of S that were consistent with those
obtained through prediction of a Stanton number (see Bilger and Atkinson 1992). By
placing uptake within a scale appropriate to diffusivity of nutrients, uptake rate constants
can be predicted based on estimates of ε using the equation:

S = 1/α (D2 ε/v)1/4

(5)

Equation 5 indicates that S will be proportional to ε raised to the 1/4 power and is defined
by Hearn et al. as the e1/4 law. Because ε is dependent on Ub and τ, S will also be
proportional to these parameters; Ub to the 0.80 power and τ to the 0.40 power (Hearn et
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al. 2001). It is important to note that D and v, and therefore S, will vary with changes in
water temperature (Li and Gregory 1974). Values of D and v used for calculating values
of S were based on an average water temperature of 31°C, which was observed during
data collection at locations 1 – 4. At 31°C and typical salinity (35 0 /00 ) the diffusivity of
ammonium and phosphate used was 2.2 × 10-9 and 8.3 × 10-10 , respectively. The value of
v used at these conditions was 8.2 × 10-7 .
The rate of nutrient flux (m) in units Moles NH4 + or PO4 -3 removed m-2 time-1 was
estimated by multiplying S by the nutrient concentration in the water column (C b ). This
calculation is based on the assumption that rates of nutrient uptake for the community are
mass-transfer limited and that the concentration gradient at the uptake surface is maximal
(C b >> Cw, where C w is the concentration at the uptake surface). In order to calculate m,
we measured ambient nutrient concentrations in filtered water samples (n = 43) that were
obtained at the field site during data collection at locations 1 – 4. Concentrations for
ammonium and phosphate (SRP) were determined using an autoanalyzer (Technicon) to
within ± 0.05 µM.

Results
Community composition - The benthos on Old Sweat Bank was composed of a diverse
assemblage of organisms, including seagrasses, macroalgae, corals, and sponges (Fig.
22). Mean densities of these organisms, in number of individuals (shoots, colonies, etc.)
per m2 , were based on a total of 44 quadrats collected at the five sampling locations. The
distribution of dominant organisms over the five sites was fairly uniform, however,
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Figure 22. Densities (individuals per m2 ) of common organisms inhabiting Old Sweat
Bank. A shoot, clump, or colony represents an “individual” for seagrass, algae, and
coral, respectively. Results from randomly placed quadrats collected at the five sampling
locations (A). Six to 12 quadrats were collected at each site and mean densities are
shown with error bars equaling one standard deviation. Panel (B) represents the pooled
data (n = 44 quadrats).
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densities of Syringodium filiforme, sponges, and Laurencia sp. were variable between a
few of the sites (primarily sites 3 and 4).
Seagrasses included Thalassia testudinum, which had the highest mean shoot
density (mean density = 176 shoots m-2 , S.D. = ± 53), and S. filiforme (mean density = 96
shoots m-2 , SD = ± 72), which had a lower and more variable density than T. testudinum
(Fig. 22). The dominant macroalgae on the bank (based on numbers of individuals) were
species of Halimeda (mean density = 88 individuals m-2 , S.D. = ± 30). Other dominant
algae on the bank were unattached clumps (5 to 10 cm diameter) of Laurencia sp. (mean
density = 25 clumps m-2 , S.D. = ± 17) and highly variable amounts of Penicilus sp. (mean
density = 10 individuals m-2 , S.D. = ± 20). Less frequent types of macroalgae observed
on the bank(< 5 individuals m-2 ) included species of the genera Caulerpa, Udotea,
Rhipocephalus, Neogoniolithon, and Dictiospheria.
The dominant sponges were encrusting forms, including chicken liver sponge
(Chondrilla sp.) and fire sponge (Tedania sp.) (mean density = 37 sponges m-2 , S.D. = ±
22). Corals were also abundant and were dominated by colonies of Porites porites
(forma divaricata), Manicena aereolata and Siderastrea radians (mean density = 31
colonies m-2 , S.D. = ± 22). Although coral density was lower than other benthic
organisms (i.e. seagrasses and macroalgae), their relatively large size (diameter ~ 5 to12
cm) often covered a significant portion of the bottom. Visual estimates of the proportion
of the bottom that was not colonized (bare sediment/limestone) were similar for all five
sites and ranged between 31 and 39 % (mean = 35 %, S.D. = 12%).
During collection of hydrodynamic data, water depth ranged between 0.39 and
0.99 m and deflected height (hd) of seagrass plants (for T. testudinum and S. filiforme
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combined) ranged between 0.10 and 0.16 m (Table 7). The overall height of the seagrass
leaves ranged between 0.14 and 0.23 m. Heights of other roughness elements (i.e. coral,
algae, and sponges) were lower than the seagrass heights and ranged between 0.02 and
0.12 m (mean = 0.048 m, S.D. = 0.019, n = 53). Mean topographic index based on the
chain method (length of overall chain/length of chain conformed to bottom) were 1.47 (±
0.12), 1.36 (± 0.06), 1.42 (± 0.06), 1.31 (± 0.04), and 1.44 (± 0.15) for sites 1 through 5,
respectively.

Hydrodynamic characterization - During collection of velocity data, signal to noise ratios
were well above the recommended 15 db level and the correlation values for the three
sensors consistently ranged between 85 and 95% (Sontek Manual). A total of 19 vertical
profiles exhibited a significant fit (r2 <0.90) to Equation (1). Two vertical profiles of
mean longitudinal ( U ), transverse ( V ), and vertical ( W ) velocity are shown in Figure
23. These profiles were typical of the data collected on the bank and indicate that the
flow is mainly unidirectional and dominant along the longitudinal axis (U). Velocity was
low (< 0.03 m s-1 ) in both the transverse (V) and vertical (W) directions (Fig. 23).
Turbulent kinetic energy (Fig. 24A) peaked near the top region of the seagrass
plants. Relative turbulence intensities ranged from 0.2 to 0.8 and increased steadily as
the bottom was approached, becoming slightly more scattered near the benthos (Fig.
24B). Visual analysis of vertical distribution of Reynolds stress (- U 'W ' ) reveals the
presence of the logarithmic layer and a roughness sublayer (Fig 24C), similar to that
described by Nikora et al. (1998). Reynolds stress was highest at the top of the
roughness elements (~0.12-14 m). Beneath this height, Reynolds stress was strongly
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Site Profile

Water
depth

Grass
height

(m)

(m)

(m s-1 )

(m s-1 )

(m)

1-1

0.67

0.16

0.187

0.041

0.056

1-2

0.60

0.15

0.216

0.047

1-3

0.53

0.16

0.198

2-1

0.84

0.13

2-2

0.81

2-3

Ub

U*

Zo

Cf

τ

ε

(N m-2 )

(m s )×103

0.096

1.71

3.07

0.049

0.095

2.25

5.24

0.041

0.040

0.088

1.76

4.45

0.386

0.066

0.039

0.058

4.44

18.09

0.13

0.320

0.053

0.035

0.054

2.84

10.53

0.77

0.14

0.193

0.031

0.032

0.052

0.99

2.38

2-4

0.70

0.13

0.218

0.046

0.053

0.087

2.12

4.48

2-5

0.65

0.13

0.312

0.065

0.048

0.086

4.28

13.97

2-6

0.64

0.13

0.326

0.060

0.037

0.069

3.74

14.90

3-1

0.86

0.12

0.354

0.047

0.020

0.035

2.26

12.89

3-2

0.86

0.14

0.217

0.031

0.024

0.040

0.96

2.98

3-3

0.87

0.14

0.250

0.039

0.033

0.049

1.58

4.54

4-1

0.87

0.12

0.168

0.027

0.035

0.051

0.74

1.39

4-2

0.93

0.11

0.235

0.032

0.025

0.038

1.08

3.46

4-3

0.99

0.11

0.306

0.039

0.020

0.032

1.54

7.39

4-4

0.95

0.11

0.273

0.032

0.014

0.027

1.02

5.63

5-1

0.48

0.13

0.160

0.036

0.041

0.099

1.30

2.73

5-2

0.44

0.10

0.161

0.026

0.019

0.053

0.70

2.30

5-3

0.39

0.10

0.081

0.015

0.021

0.064

0.22

0.37

DG-1

0.49

0.21

0.209

0.114

0.105

0.597

13.36

35.47

DG-2

0.49

0.21

0.266

0.124

0.094

0.432

15.65

50.06

2

-3

Table 7. Hydrodynamic parameters estimated for each of the vertical profiles collected on
Old Sweat Bank. Included are data for the 19 profiles that had the best fit (r2 > 0.90) to
Equation (1). The last two profiles (DG 1 and 2) were collected in a small area (~ 50 m2 )
of the bank that was colonized by a dense stand of T. testudinum. Grass height
(deflected) is the mean of 6 to 10 measurements taken during the profile. Parameters
included depth-averaged velocity (Ub), shear velocity (U* ), roughness length (Zo ), friction
coefficient (cf ), bottom shear stress (τ), and the rate of energy dissipation (ε).
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Figure 23. Example of two velocity profiles collected on the bank. Statistics for these profiles are provided in Table 7. Profiles show
mean velocity in the longitudinal (U), transverse (V), and vertical (W) directions for heights above the bottom (Z) normalized to
deflected canopy height (hd). The line indicates the height of the canopy (Z/hd = 1). Mean velocity at each height was based on the
average of ~ 600 measurements (Collected at 10 Hz for 1 minute with an ADV). The above profiles were typical of those collected for
the study and indicate that water flow over the community was unidirectional and tide driven during data collection.
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Figure 24. Vertical profiles of (A) total turbulent energy (K = 0.5[ U 'U ' + V 'V ' + W 'W ' ]), (B) relative turbulence intensity ( K / U ),
and (C) Reynolds stress (- U 'W ' ). Parameters were calculated from the data collected for profiles in Fig. 23. Depth above the bottom
(Z) was normalized to deflected canopy height (hd ). The line indicates the height of the canopy (Z/hd = 1).

influenced by the benthos and decreased toward the bottom. In the logarithmic layer,
Reynolds stress decreased toward the water’s surface, where it is assumed to be 0 in the
absence of wind stress and waves. A graph of Reynolds stress vs. relative depth shows
the distinct layers within the boundary layer (Fig 25).
Hydrodynamic parameters estimated from each of the velocity profiles, including
depth-averaged velocity (Ub ), shear velocity (U* ), roughness length (Zo ), friction
coefficient (cf), bottom shear stress (τ), and rate of energy dissipation (ε) are provided in
Table 7. Depth-averaged velocity (Ub ) on the bank ranged between 0.08 and 0.39 m s-1 .
Estimates of shear velocity (U* ) ranged between 0.016 and 0.066 m s-1 and were
positively correlated to Ub (Fig. 26). Regressions for determining U* had a mean r2 of
0.96 (S.D. = ± 0.03), suggesting a good fit to equation 1. Due to the small number of
heights (n = 4 to 8) used in estimating the slope, the 95% confidence intervals were
relatively high (~ 30%, ± 12%) in comparison to other boundary layer studies (e.g., < 22
% in Cheng et al. 1999). However, setting a high r2 threshold (>0.90 vs. >0.80 in Che ng
et al. 1999) minimized potential error in our estimates.
Roughness length (Zo ) ranged between 0.013 and 0.062 m. Grass height was
positively correlated to Zo and explains a portion (~46%) of the variability in the
roughess length (Zo = 0.46 (grass he ight) - 0.02, r2 = 0.46, p<0.001, n = 19). Roughness
length represented approximately 13 to 40% of the grass height (mean = 26%, S.D. =
0.08, n = 19). Friction coefficients for the bank (range = 0.020 and 0.096, mean = 0.062,
SD = 0.023, n = 19) were within the range of those for low and high relief coral rubble
(Thomas and Atkinson 1997), and were considerably lower than those estimated for
dense stands of T. testudinum (Fig. 27) and were dependent on the ratio of grass height to
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Figure 25. Turbulent Reynolds stress (- U 'W ' ) plotted versus relative depth (1 – Z/D) for
the three profiles collected at site 1 (see Table 7 for statistics), where D was the depth of
the water and Z was the height above the bottom that the ADV measurement was taken.
The plot shows the logarithmic layer and the roughness sub- layer of the benthic boundary
layer. As demonstrated in Nikora et al. (1998), if the data fit the logarithmic law, then
the slope of the decline in Reynolds stress between the roughness sublayer and the
surface of the water (1 – Z/D = 0) can be used to approximate U* . Here the estimate of
U* = 0.03 m s-1 is slightly lower than values obtained using Equation 1 for the three
profiles collected at site 1 (See Table 7). The reduction of - U 'W ' to near 0 at the surface
of the water reveals that there was little affect of wind stress/waves on water flow.
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Figure 26. Estimates of shear velocity (U* ) versus depth-averaged velocity (U b). Error
bars represent 95% confidence limits based on the expression described in Equation 3 in
the text (Grant et al. 1984). Linear regression results: U* = 0.14Ub + 0.01, r2 = 0.66, P <
0.001, 95% C.L.s on slope = 0.09 and 0.19.
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Figure 27. Friction coefficients (cf) for various bottom types as a function of flow
Reynolds number (Re = Ub h/v, where h is the height of the water). Included in the graph
are data collected in an area of dense seagrass on the bank and from T. testduninum beds
elsewhere (Thomas et al. 2000). Friction coefficients for “low” and “high” relief coral
rubble from Thomas and Atkinson (1997) are also shown for comparison. For this study
cf was estimated as 2(U* 2 /Ub2 ), whereas, those for Thomas et al. and Thomas and
Atkinson were estimated as 2ghs/Ub2 , where g is gravity, h is the height of the water, and
s is the slope of the water’s surface. Theoretically, these methods provide comparable
estimates of bottom shear stress (e.g., U* = τ / ρ = Ub cf / 2 ), as demonstrated by the
close agreement between data points for dense beds of seagrass.
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water depth (cf = 0.38(hd /depth)1.10 , r2 = 0.71, p<0.001). There was no dependence of cf
on Ub; however, there was a weak negative dependence of cf on the flow Reynolds
number (cf = -0.15 ×103 (Re) + 0.09, r2 = 0.33, P<0.05; Fig. 27). Values of bottom shear
stress (τ), estimated from U* , were between 0.22 and 4.44 N m-2 and rates of energy
dissipation (ε) were between 0.37 and 18.09 × 10-3 m2 s-3 over the range of Ub (Table 7).
Rates of energy dissipation were dependent on Ub (ε = 0.17Ub2.46, r2 = 0.92, P < 0.001,
95% C.L.s on slope 2.10 = 2.81; Fig. 28). and τ (ε = 0.0027τ1.21 , r2 = 0.87, p<0.001, 95%
C.L.s on slope 0.97 = 1.44).

Estimating nutrient uptake - Estimates of energy dissipation rate (ε) were used in
Equation (5) to predict a series of uptake rate constants (S) for ammonium and phosphate.
Based on field conditions during data collection (water column temperature of 31°C),
predicted values of S for ammonium ranged between 7.1 and 18.9 × 10-5 m s-1 . Predicted
values were in the same range as measured values of S obtained from field flume
experiments conducted on the bank (Fig 29). In addition to the expected relationship for
S vs. ε, both predicted and measured uptake rate constants were in close agreement with
the expected relationships for S vs. τ , and S vs. Ub (See Fig. 29; Hearn et al. 2001). Due
to a lower diffusivity than NH4 +, predicted values of S for phosphate were lower than
those for ammonium and ranged between 4.3 and 11.7 × 10-5 m s-1 over the range of ε.
Based on the assumption that nutrient uptake by the benthos was limited by the
rate of delivery to uptake surfaces, the flux (m) of a nutrient into the benthos was
predicted using estimates of S and the ambient water-column concentration of the
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Figure 28. Rate of turbulent energy dissipation (ε) versus velocity (U b). For flow over
the bank, ε is proportional to Ub raised to the 2.5 power (ε = 0.17Ub2.46, r2 = 0.92, P <
0.001, 95% CLs on slope 2.10 = 2.81).
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Figure 29. Predicted uptake rate constants (S) for ammonium versus (A) energy dissipation rate raised to the 0.25 power, (B) bottom
shear stress raised to the 0.40 power, and (C) bulk velocity raised to the 0.80 power. Plots are based on the expected relationships
between S and hydrodynamic parameters (Hearn et al. 2001). Lines represent the best linear fit for the data with an intercept set at 0.
Also included in the plots are estimates of S that are based on ammonium uptake measured during field flume experiments conducted
at the same field site (Thomas et al., in prep). Measured S is calculated as kV/A, which is the first-order decline (k) of NH4 + in the
water column over time normalized to volume/bottom area enclosed by the flume (see Tho mas et al. 2000). Hydrodynamic parameters
for measured S were based on profiles collected in the field flume during uptake experiments.

nutrient (m = S × Cb). Water column samples were collected during this study and
analyzed for NH4 + and PO4 -3 . Mean concentrations for 43 samples were 0.31 (SD = 0.10)
and 0.04 (SD = 0.03) µMol/L for NH4 + and PO4 -3 (SRP), respectively. Over the range of
flow conditions and these average nutrient concentrations, the benthos is expected to
remove between 2.2 and 5.9 × 10-7 µMol NH4 + m-2 s-1 and between 0.17 and 0.46 × 10-7
µMol PO4 -3 m-2 s-1 .

Discussion
The benthos on Old Sweat Bank (OSB) is comprised of a diverse assemblage of
seagrasses, corals, macroalgae, and sponges (Fig. 22). These organisms collectively form
a rough surface that influences boundary layer characteristics. Although the presence of
the seagrass plants contributed to bottom roughness, hydrodynamic characteristics more
closely resembled those of moss covered cobbles (Nikora et al. 1998) or low relief coral
assemblages (e.g., Thomas et al. 1997; Gardella and Edmunds 2001) than those of
seagrass beds (e.g., Gambi et al. 1990; Koch and Gust 1999; Thomas et al. 2000). For
ammonium, predicted uptake rate constants (S) for the bank were approximately one- half
those measured and predicted for uniform seagrass beds (Thomas et al. 2000; Thomas
and Cornelisen 2003). However, predicted values of S for ammonium and phosphate
were similar to those predicted and measured for coral assemblages with similar degrees
of roughness (see Thomas and Atkinson 1997; Hearn et al. 2001). If the rate of nutrient
uptake by the benthos is limited by the rate at which the nutrient is delivered to the
benthic surface, then uptake rates will be strongly influenced by physical factors such as
water flow and roughness of the bottom (e.g., Bilger and Atkinson 1992). In this case
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rates of nutrient uptake for the community on the bank will continually fluctuate as flow
intensity changes over a tide cycle. In addition, changes in nutrient concentrations and
water temperature, or roughness with changeover in community composition, will also
influence the flux of nutrients into the benthos.

Community composition - In a benthic survey of the waters surrounding the Florida Keys,
OSB was described as an area of patchy seagrass made up of discontinuous beds of
moderate to high densities (FMRI 1998). While the bank had a few small areas (~50 m2 )
of dense seagrass along the edges and adjacent to tide channels, the majority of the
benthos was a mixture between a seagrass and hardbottom community, with seagrasses
sparsely mixed among macroalgae, solitary colonies of ahermatypic corals, and sponges
(Fig. 22). Approximately 1/3 of the bottom was not colonized by these organisms but
rather covered by layers of coarse, calcareous sand over Key Largo limestone. In
addition, low and highly variable shoot densities in comparison to T. testudinum beds
surveyed elsewhere (Fonseca and Cahalan 1992; Thomas et al. 2000; Koch and Gust
1999) suggest that the seagrass was intermittently mixed and did not form a uniform
canopy of seagrass shoots.
Based on numbers of individuals per square area, seagrasses are the dominant
benthic feature on the bank (Fig. 22). However, less abundant organisms such as colonies
of Porites and clumps of Laurencia were ~ 5 to 15 cm in diameter and often covered a
larger area of the bottom than the seagrass plants. Heights of these and other roughness
elements were approximately 1/3 the height of the seagrass leaves. In addition, estimates
of bottom roughness using the topographic index were within the same range as those
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estimated for low relief assemblages of coral (Thomas and Atkinson 1997). Due to the
sparse and patchy distribution of seagrasses, these organisms likely made a significant
contribution to the overall roughness of the benthos and therefore contributed to the
effects of the bottom on water flow. More detailed surveys of these diverse communities
are needed to better quantify the relative contributions of different types of organisms to
overall bottom roughness.

Hydrodynamic characterization - The composition and patchiness of the benthos resulted
in hydrodynamic conditions that were different than those described for seagrass beds
(Gambi et al. 1990; Koch and Gust 1999). To provide a visual comparison of flow over
the bank to flow over a typical seagrass bed, two velocity profiles were collected within a
small area (< 50 m2 ) on the edge of the bank that was colonized by a more dense (560
shoots m2 ) and uniform stand of T. testudinum (Fig. 30; Table 7). The shape of velocity
profiles collected on the bank was characteristic of perturbed boundary-layer flow
(Figures 23A and 30A), whereas profiles in the dense stands of seagrass resembled a
hyperbolic tangent (Fig. 30A) that is more indicative of a mixing layer (Raupach et al.,
1996; Ghisalberti and Nepf, 2002). Attenuation of velocity beneath the height of the
seagrass for profiles collected on the bank was not evident in comparison to profiles
collected in dense seagrass. In a dense and evenly distributed stand of seagrass, the
flexible plants form a semi-sealed canopy that significantly reduces shear stresses on the
bottom relative to above the canopy, which in turn promotes particle retention within the
meadow (Fonseca and Fisher 1986). Reduced flow attenuation on the bank in
comparison to typical seagrass beds suggests that import and accrual of sediments on the
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bank may be restricted to areas of dense seagrass and during brief periods of slack tide.
Furthermore, currents remained strong (Ub ~ 0.20 to 0.40 m s-1 ) during ebbing and
flooding tides and the direction of tides would shift within a matter of minutes, which
indicates that the benthos on the bank is almost always exposed to high currents and,
therefore, high shear stresses. As a result of these conditions, existing sediments on the
bank are likely supplied by locally produced sources, such as calcareous macroalgae.
Limited import and accumulation of sediments would in turn limit seagrass density and
distribution. Furthermore, the physically dynamic nature of the bank may counteract any
enhanced growth of seagrasses that may result from increased nutrient delivery
associated with increased water flow (Fonseca and Kenworthy 1987).
Turbulent energy (K) and stress (- U 'W ' ) was enhanced near the top of the
seagrass leaves on the bank; however, considerably less so than in dense stands of
seagrass (Fig. 30; Verduin and Backhaus 2000). In the dense bed, synchronous waving
of the canopy (monami) was visually observed and likely contributed to the high energy
toward the top of the canopy (see Ghisalberti and Nepf, 2002). Lower turbulent energy
and stress in profiles collected on the bank in comparison to the dense bed is likely
attributed to the patchy distribution and low shoot density of the seagrass, which resulted
in less interaction between flapping leaves and the water column. The vertical
distribution of Reynolds stress reveals both the logarithmic layer and roughness sublayer
within the benthic boundary layer and resembles the range and distribution of - U 'W '
measured over moss-covered cobbles (Fig. 25; Nikora et al. 1998). In addition, the steady
decline of Reynolds stress toward 0 at the surface of the water indicates that flow was
primarily tide generated rather than influenced by wind shear and surface waves.
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Turbulence intensity was estimated as turbulent energy normalized to mean total
velocity. In aquatic vegetation, turbulence intensity typically peaks at the top of the
canopy and declines within the canopy as the bottom is approached (Fig. 30D; Gambi et
al. 1990; Nepf and Vivoni 2000). Although the presence of the grass on the bank may
enhance turbulent energy, the vertical distribution of relative turbulence intensity near the
benthos is not evocative of a dense canopy. The uniform decline in turbulence intensity
with depth is more typical of non-vegetated bottoms and is the product of the low
energies at the five sites (in comparison to the dense grass) and the virtual absence of
flow attenuation within the canopy (Fig. 30A).
Several hydrodynamic parameters, including shear velocity (U* ) and stress (τ),
friction coefficient (cf), and rate of turbulent energy dissipation (ε), were estimated in
order to describe the effects of bottom roughness on boundary layer flow and the
potential implications of these effects on nutrient uptake. Shear velocity at comparable Ub
were within the range of those in Nikora et al. (1998) and were ~50% lower than U* in
more dense stands of seagrass (Table 7; Gambi et al. 1990). Increased bottom roughness
enhances bottom shear, and it is apparent from these results that the roughness elements
on the bank collectively form a surface that has less of an effect on the overlying water
than a typical seagrass bed. The effect of the benthos on U* was variable over the range
of velocity and among the five locations on the bank (Table 7; Fig. 26). Over a uniform
rough surface (i.e., a sand bottom) U* should be directly correlated to Ub (Cheng et al.
1999). Part of the dissociation between U* and Ub is probably due to error in determining
U* . However, dissimilarities in grass heights and water depths among sampling locations
likely contributed to a significant portion of the variability in the relationship between U*
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and Ub. For instance, those sites with the shortest grass and the lowest topographic index
(i.e., sites 4 and 5) have the lowest values of U* and bottom shear stress (τ) (Table 7).
Furthermore, the friction coefficient, which is essentially the ratio of U* to Ub, also varied
among sites in part due to differences in grass height and water depth. So although
hydrodynamic parameters measured on the bank were different than those estimated in
previous studies conducted on aquatic vegetation, the presence and height of the seagrass
still had some influence on water flow characteristics.
Despite some dependence on grass he ight, friction coefficients for the bank were
~ 5 times lower than those estimated for the area of dense T. testudinum and estimates
from Thomas et al. (2000) over a similar range of flow Reynolds number (Fig. 27).
Friction imposed by the benthos inhabiting the bank was equivalent to that estimated for
assemblages of coral rubble with similar topographic relief (see Thomas and Atkinson
1997). Therefore, the total drag imposed by the bottom remained within the same range
as those measured in Thomas and Atkinson (1997) despite contributions of seagrass to
bottom roughness and cf. Another important observation is that the cf for the five
locations remained relatively constant over a range of Re despite the presence of flexible
seagrass leaves. In beds of aquatic vegetation, the friction coefficient is dependent on
water velocity due to the bending of the grass with increased flow (Thomas et al. 2000).
A weak relationship between cf and Re for our data suggests that shoot density and plant
heights were too lo w to create a “sealed” canopy, which would have reduced friction as
the canopy deflected with increased flow. In addition, there was variability in overall
grass height among the sites resulting in no correlation between deflection of the canopy
(hd) and water velocity. Clearly, several factors influence the friction coefficient and no
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one parameter measured at the site is a good predictor. This is largely due to the patchy
nature of the system and the variable grass heights, water depths, and topographic relief.
Variability in hydrodynamic parameters among locations on the bank provides evidence
that small-scale variation in local topography (on the order of meters) and bottom
roughness influences the amount of drag experienced by the benthos. As a result, those
organisms surrounded by taller roughness elements and in areas of greater topographic
relief will be exposed to enhanced shear energy and stress relative to organisms located
within areas of the bank that are surrounded by lower profile roughness elements. Such
effects of local topography on flux of momentum would in turn affect flux of nutrients
and particles (i.e., larvae, food) to benthic organisms.

Estimating nutrient uptake - Estimation of energy dissipation rates (ε) allowed us to use
the ε 1/4 law equation to calculate uptake rate constants (S) for the benthic community on
Old Sweat Bank. Predicted values of S were based on the assumption that the rate of
nutrient uptake by the benthos is limited by the rate at which the nutrient is delivered to
uptake surfaces (mass-transfer limited), rather than by a biological factor such as
availability of active uptake sites or enzyme kinetics. Assuming mass-transfer limitation,
uptake rate constants for ammonium and phosphate were in the same range as those
measured and predicted for coral reef assemblages of similar scale roughness (Baird and
Atkinson 1997; Thomas et al. 1997; Hearn et al. 2001). This result implies that the
organisms on OSB collectively form a rough surface that dissipates energy at a similar
rate as the coral assemblages in these studies, which is supported by similar friction
coefficients for the two types of communities (Fig. 27).
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Despite the presence of seagrass plants on the bank, predicted values of S for
ammonium were approximately half those measured and predicted for typical seagrass
beds (Thomas et al. 2000; Thomas and Cornelisen 2003). A dense and uniform
distribution of seagrass plants imposes a greater friction on the water column (Fig. 27)
resulting in a higher rate of dissipation in the system, and in turn, higher uptake rates.
The sparse and patchy distribution of seagrass on the bank may not affect bottom
roughness enough to enhance uptake rates to the level of observed in dense beds of
seagrass. Under similar intensities of velocity it is likely that areas of dense grass along
the edges of the bank remove a similar amount of nutrients over time as the seagrass beds
in Thomas et al. (2000).
Assuming rates of ammonium and phosphate uptake for the benthos are maximal,
flux (m) can be estimated by multiplying values of S by the bulk concentration in the
water column (C b). Estimates of flux based on ambient concentrations were higher for
ammonium than for phosphate, which was a consequence of the higher molecular
diffusivity of ammonium and lower concentrations of phosphate versus ammonium in the
water column. While estimates of m are somewhat informative by providing an estimate
of the capacity of the benthos to remove a nutrient over a range of hydrodynamic
conditions, they do not account for the changes in flow intensity that occurs over a tide
cycle. A simple model using data acquired in this study can be constructed to
demonstrate the potential effect of changes in flow intensity on nutrie nt uptake by the
benthos. First, values of Ub from the profiles and all estimates of velocity collected at a
height above of the bottom of approximately 35 cm (roughly mid-water depth) were
plotted versus the time of data collection (Fig. 31A). The addition of velocity data
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collected at 35 cm created a more robust dataset, which in turn allowed for the data to be
fit to a modified sine wave for approximating the pattern of change in Ub over time.
Using the relationship between ε and Ub (Fig. 28), values of S were predicted using
equation 5 and were then multiplied by ambient concentration of ammonium (S (m s-1 ) *
0.31 µMol NH4 + L-1 ×106 L m-3 ) to estimate flux to a square area of the benthos over time
(Fig. 31B). This model demonstrates that uptake is lowest near slack tide (when Ub is
lowest) and highest during the peak of ebbing or flooding tides (when Ub is highest). If
we take the integral of the plot in Figure 31B, the total ammonium removed by the
benthos over a 12 hr period is approximately 0.0015 Moles m-2 . For phosphate, the total
flux over this same time interval would be approximately 0.0002 Moles m-2 , which is
much lower due to the lower water-column concentration and lower diffusivity of
phosphate.
The model presented in Figure 31 is in its simplest form using the data currently
available. Several environmental factors will contribute to variations in nutrient flux,
including fluctuations in nutrient concentration and water temperature. For instance, the
total flux would increase by an amount directly proportional to an increase in nutrient
concentration. Water temperature influences molecular diffusivity (D) and kinematic
viscosity (v), which are both important variables in equation 5. The community on Old
Sweat Bank is exposed to a temperature range of approximately 10°C throughout the year
(~ 22°C in winter up to ~ 32°C in summer). Based on these extremes, total flux will
increase by approximately 15 to 20% during the summer months in comparison to winter
months. In addition to concent ration and temperature, changes in community
composition that result in a change in bottom roughness will also impact flux. For
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Figure 31. (A) Bulk velocity over time during the period of data collection and (B)
predicted flux of ammonium and phosphate over the same time interval. Values of Ub
include those estimated from the velocity profile and values of U from measurements
taken at ~ 35 cm above the sediment-water interface. A modified sine wave is fitted to
the velocity data. Predicted flux was calculated as S (m s-1 ) * Cb where S was based on
equation (5) and the relationship between ε and Ub (Fig. 28) and Cb was the average
concentration of NH4 + (~ 0.31 µMol per 0.001 m3 ) and PO4 3- (~ 0.04 µMol per 0.001 m3 ).
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instance, if the community was to be replaced by a typical T. testudinum bed, nutrient
uptake would nearly double due to the substantial increase in friction (Fig. 27) and
subsequent increase in rates of energy dissipation. The opposite would occur with a
conversion of the benthic community on Old Sweat Bank to bare substratum. Finally, as
suggested by Hearn et al. (2001) and demonstrated by Thomas and Cornelisen (2003), the
presence of waves could enhance flux to the benthos by as much as 20% to 50%.
Predicted uptake for the benthos is based on assumptions of mass-transfer
limitation and it is possible that uptake rates for the community on the bank are not masstransfer limited, but rather biologically limited or within a transitional phase where
uptake is influenced by both physical and biological factors (Sanford and Crawford
2000). Previous studies on coral and seagrass communities have demonstrated close
agreement between predicted values of S and those measured in flume experiments; thus
nutrient uptake by these communities was considered mass-transfer limited (Atkinson
and Bilger 1992; Baird and Atkinson 1997; Thomas and Atkinson 1997; Thomas et al.
2000; Thomas and Cornelisen 2003; Hearn et al. 2001; Atkinson et al. 2001). In another
study conducted on Old Sweat Bank, values of S for ammonium were measured for the
benthos using a field-deployed flume (Thomas et al., in prep). Uptake rate constants
were based on the first-order rate of decline in ammonium concentration measured over a
range of water velocity. Measured values of S from Thomas et al. (in prep) are within the
same range as those predicted in this study (Fig. 29).
Additional flume experiments have been conducted at the field site using 15 Nlabelled ammonium, which allowed for the assessment of flow effects on nutrient uptake
by specific components of the community (Fig. 32). Results from these experiments
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Figure 32. Results from a series of paired 15 N-labeled NH4 + uptake experiments
conducted in a field flume on Old Sweat Bank. Paired experiments (n = 7) were
conducted at low (U b = 0.03 to 0.07 m s-1 ) and high (U b = 0.10 – 0.30 m s-1 ) flow.
Comparisons are shown for T. testudinum, epiphytes of T. testudinum, S. filiforme,
epiphytes of S. filiforme, Halimeda monile, Laurencia papillosa, Porites porites, and
PON (phytoplankton). Some organisms were not present during some experiments. The
community was exposed to a spike (4 µM) of 15 NH4 + for one-half hour. See Chapter Two
for methods of collection and calculation of uptake rates (ρ). Data were analyzed using a
paired t-test (for data paired with lines only) and significance is expressed as P < 0.05, P
< 0.01, P < 0.001, or not significant (NS)
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Figure 32: (Continued)
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High flow

indicated that ammonium uptake by many of the benthic organisms, including seagrasses
and their associated epiphytes, corals, and macroalgae is dependent on hydrodynamic
conditions (Fig. 32). These data along with results from Thomas et al. (in prep) provide
evidence that rates of ammonium uptake for benthic components and the community as a
whole are mass-transfer limited; therefore, application of mass-transfer equations from
Hearn et al. (2001) provide reasonable estimates of ammonium uptake by the benthos
(Fig. 29). Future flume experiments for other nutrients such as phosphate and nitrate will
assist in determining the applicability of mass-transfer equations for estimating uptake of
these nutrients by the benthos.

Conclusions - The benthic composition of Old Sweat Bank is composed of a diverse
assemblage of organisms that collectively form a rough surface. Despite the presence of
seagrasses, near-bed flows and boundary layer characteristics for the bank were different
than those described within and above dense stands of seagrass. As a result, uptake rates
for the benthos are expected to be lower than seagrass beds and within the same range as
those measured and estimated for coral assemblages (e.g., Thomas and Atkinson 1997;
Hearn et al. 2001), which exhibit similar degrees of roughness and friction (Fig. 27).
The construction of a simple model based on available data demonstrates the
potential of predicting nutrient uptake by the benthos over time by integrating
hydrodynamic data within larger physical models. With more continuous periods of data
collection and addition of added variables (i.e. fluctuations in water temperature and
nutrient concentrations), more robust hydrodynamic and circulation models could be
developed for predicting nutrient transport over larger spatial and temporal scales. This
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would require long-term deployment of sophisticated instruments that can continuously
collect both water quality and hydrodynamic data. However, such efforts would prove
beneficial for the monitoring and management of water bodies that are continually
undergoing changes in water quality such as Florida Bay.
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Appendix A: Additional figures
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Figure 33. Velocity profiles collected during flume experiments for measuring uptake rates for ammonium. Profiles of mean velocity
in the main flow (U), transverse (V), and vertical (W) directions are shown for heights above the bottom (Z) normalized to deflected
canopy height (hd). Mean velocity at each height was based on the average of 300 measurements (Collected at 5 Hz for 1 minute with
ADV). The horizontal line indicates the height of the canopy (Z/hd = 1). Values of Ub, U* , and Zo calculated from each of the profiles
are provided Table 7.
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Figure 34. Velocity profiles collected during flume experiments for measuring uptake rates for nitrate. Profiles of mean velocity in the
main flow (U), transverse (V), and vertical (W) directions are shown for heights above the bottom (Z) normalized to deflected canopy
height (hd). Mean velocity at each height was based on the average of 300 measurements (Collected at 5 Hz for 1 minute with ADV).
The horizontal line indicates the height of the canopy (Z/hd = 1). Values of Ub, U* , and Zo calculated from each of the profiles are
provided Table 7.
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Figure 35. Vertical distribution of Reynolds stress (- U 'W ' ) estimated from velocity profiles collected during experiments for
measuring uptake rates for (left) ammonium, and (right) nitrate. Depth above the bottom (Z) was normalized to deflected canopy
height (hd). Note the enhanced Reynolds stress at the canopy height (indicated by the line where Z/hd = 1) and greater penetration into
the canopy during the higher velocity (U b) experiments. Canopy heights were different between the two sets of experiments and
therefore the distribution along the Y-axis varies between the two graphs.
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Figure 36. Total turbulent energy (left) and relative turbulence intensity (right) estimated from profiles collected during flume
experiments for measuring rates of ammonium uptake. Depth above the bottom (Z) was normalized to deflected canopy height (hd ).
The line represents the canopy height (Z/hd = 1).
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Figure 37. Total turbulent energy (A) and relative turbulence intensity (B) estimated from profiles collected during flume experiments
for measuring rates of nitrate uptake. Depth above the bottom (Z) was normalized to deflected canopy height (hd). The line represents
the canopy height (Z/hd = 1).
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Figure 38. Shear velocity (U* ) as a function of bulk velocity (U b) for ammonium uptake
experiments (solid symbols) and for nitrate uptake experiments (open symbols). Error
bars represent the 95% confidence limits using the expression from Grant et al. (1984).
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